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SUMMARY 

This  s u c c e s s f u l  demonstrat ion of t h e  hea t  s t e r i l i z a t i o n  of case- 

bonded, i n s u l a t e d  and l i n e d  s o l i d  rocke t  s t r a i n  motors w a s  made p o s s i b l e  by a 

c a r e f u l  a n a l y s i s  of t h e  chemical, p h y s i c a l  and mechanical problems imposed by 

h e a t  s t e r i l i z a t i o n .  The demonstrat ion provides  the b a s i s  f o r  des ign ,  f a b r i c a t i o n ,  

s t e r i l i z a t i o n  and t e s t i n g  of f u l l - s c a l e  motors. 

Each of t h e  motor components prev ious ly  developed s p e c i f i c a l l y  f o r  t h e  h e a t  

s t e r i l i z a t i o n  a p p l i c a t i o n  w a s  

On t h e  b a s i s  of a stress a n a l y s i s  der ived  from a f u l l  c h a r a c t e r i z a t i o n  of t h e  

p r o p e l l a n t  and p r o p e l l a n t - l i n e r - i n s u l a t i o n  bond, a g r a i n  conf igu ra t ion  and s t r a i n  

l e v e l s  w e r e  s e l e c t e d  f o r  t h e  s t r a i n  motor demonstrat ion.  Three s t r a i n  l e v e l s  w e r e  

s e l e c t e d ,  (1) a l e v e l  a t  which f a i l u r e  would be a n t i c i p a t e d ,  (2) a s t r a i n  l e v e l  

be l ieved  t o  be  marginal  and (3) a s t r a i n  l e v e l  p r o j e c t e d  t o  su rv ive .  I n  a d d i t i o n  

t o  these  motors a motor having a stress r e l i e f  l i n e r - i n s u l a t i o n  w a s  designed and 

f a b r i c a t e d  as a back-up conf igu ra t ion .  

t e s t e d  both  i n d i v i d u a l l y  and i n  composite systems. 

After s i x  h e a t  s t e r i l i z a t i o n  cyc le s  c o n s i s t i n g  of 53 h r s  p e r  cyc le  a t  a g r a i n  

temperature of 135°C (275'F) t h e  stress r e l i e v e d  g r a i n  and one of t h e  lower s t r a i n  

l e v e l  g r a i n s  remained i n  e x c e l l e n t  cond i t ion .  

i n  s t r a i n  a f t e r  f i v e  s t e r i l i z a t i o n  cyc le s .  

t h e  bond i n t e r f a c e  i n d i c a t e d  t h e  p r o p e l l a n t  and bond a t  the i n t e r f a c e  t o  be  i n  e x c e l l e n t  

condi t ion  a f t e r  s t e r i l i z a t i o n .  

of cracks i n i t i a t i n g  a t  &he inne r  bore .  

A second low s t r a i n  l e v e l  g r a i n  f a i l e d  

Radiographic and v i s u a l  examination of 

A l l  f a i l u r e s  occurred i n  s t r a i n  by t h e  formation 

-1- 
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INTRODUCTION 

This  is t h e  f i n a l  r e p o r t  submit ted i n  f u l f i l l m e n t  of t h e  requirements  of t h e  

Nat iona l  Aeronaut ics  and Space Adminis t ra t ion  Cont rac t  NAS1-10086. 

A v a i l a b i l i t y  of h e a t  s t e r i l i z a b l e  s o l i d  motors would s i g n i f i c a n t l y  

a i d  t h e  des ign  engineer  i n  planning space  missions where e n t r y  of a space 

v e h i c l e  i n t o  a b i o l o g i c a l l y  quarant ined area is requ i r ed .  S t e r i l i z a b l e  s o l i d  /i 

rocke t s  could f i n d  a p p l i c a t i o n  i n  deo rb i t i ng  ope ra t ions ,  gas  gene ra to r s  and many 

o t h e r  s p e c i a l  a p p l i c a t i o n s .  

by va r ious  aerospace i n d u s t r i e s  as w e l l  as government l a b o r a t o r i e s ,  no s u c c e s s f u l  

demonstration of t h e  h e a t  s t e r i l i z a b i l i t y  of a real is t ic  i n s u l a t e d  case-bonded s o l i d  

(1)(2) It w a s  t h e  rocke t  motor system had been achieved p r i o r  t o  t h e  cu r ren t ’ s tudy .  

purpose of t h e  p re sen t  e f f o r t ,  t h e r e f o r e ,  t o  demonstrate  t h a t  subsca le  motors 

comprising t h e  t o t a l  rocke t  motor system, i . e .  case, i n s u l a t i o n ,  l i n e r  and pro- 

p e l l a n t  could success fu l ly  su rv ive  s i x  h e a t  s t e r i l i z a t i o n  cyc le s  without  adverse ly  

a f f e c t i n g  motor i n t e g r i t y .  

des ign  f a b r i c a t i o n ,  s t e r i l i z a t i o n  and f i r i n g  of f u l l - s c a l e  motors as f i n a l  proof 

of s o l i d  r o c k e t  motor s t e r i l i z a t i o n  c a p a b i l i t y .  

Although a cons iderable  e f f o r t  has  been expended 

This  s u c c e s s f u l  demonstrat ion l a y s  t h e  b a s i s  f o r  

The approach t o  h e a t  s t . e r i l i z a t i o n  taken a t  Aero je t  is  t h a t  a l l  of t h e  

components of t h e  s o l i d  rocke t  motor,  t h e  case, t h e  i n s u l a t i o n ,  t h e  l i n e r  and t h e  

p rope l l an t  must no t  only be  s t a b l e  independent ly  t o  heat s t e r i l i z a t i o n  b u t  must 

no t  i n t e r a c t  w i th  each o t h e r  i n  such a way as t o  degrade o t h e r  components. Thus, 

t h e  chemical s t a b i l i t y  of each of t h e  composite components is  t h e  f i r s t  consider- 

a t i o n  because thermal  degrada t ion  i s  i n  essence  a chemical process  and t h e  r e a c t i o n s  

involved have a d i r e c t  bear ing  no t  only on t h e  components themselves bu t  through 

migratory processes  on neighboring materials. 

-2- 
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The approach t h e r e f o r e  comprised a chemical a n a l y s i s  of t h e  problem, 

development of chemical techniques and a b a s i s  of material s e l e c t i o n  t o  a s s u r e  

s t a b l e  components. Applying t h i s  background t o  t h e  c u r r e n t  program, t h e  ind i -  

v i d u a l  components w e r e  eva lua ted  s e p a r a t e l y  and as composites,  under h e a t  steril- 

i z a t i o n  condi t ions .  The s e l e c t e d  materials w e r e  t hen  f u l l y  cha rac t e r i zed  mechan- 

i c a l l y  t o  provide  a b a s i s  f o r  r e a l i s t i c  stress a n a l y s i s .  On t h e  b a s i s  of t h e  

stress a n a l y s i s  a set of subsca le  s t r a i n  motor g r a i n s  was designed and c a s t  and 

t h e  c a p a b i l i t y  of t h e  t o t a l  motor system t o  su rv ive  h e a t  s t e r i l i z a t i o n  demonstrated. 

TECHNICAL DISCUSSION 

A .  MOTOR COMPONENT SELECTION 

A s  prev ious ly  i n d i c a t e d  t h e  severe environment and extreme cyc l ing  cond i t ions  

imposed upon a s o l i d  rocke t  motor by h e a t  s t e r i l i z a t i o n  ( s i x  53 h r  h e a t  t rea tments  

a t  135°C (275°F)) demand t h a t  t h e  va r ious  rocke t  components be  chemically s t a b l e  a t  

h igh  temperatures  and possess  phys i ca l ,  mechanical and bonding p r o p e r t i e s  adequate  

t o  su rv ive  t h e  severe temperature  changes imposed by thermal  cyc l ing .  

S tud ie s  conducted a t  Aero je t  under company-sponsorship s i n c e  1964 have 

demonstrated t h a t  c e r t a i n  s ta te -of - the-ar t  case materials and i n s u l a t i o n s  are 

a v a i l a b l e  which w i l l  meet t h e  h e a t  s t e r i l i z a t i o n  requirement.  However, t h e s e  

same s t u d i e s  showed State-of- the-ar t  p r o p e l l a n t s  were no t  adequate  t o  m e e t  t h e  

h igh  temperature  requirements  and t h a t  l i n e r s  as convent iona l ly  formulated and 

processed d i d  no t  provide h igh  temperature  bond s t a b i l i t y .  

t h e  development of a h igh ly  s t a b l e ,  hea t  s t e r i l i z a b l e  p r o p e l l a n t  and l i n e r  system 

which when used wi th  a convent ional  case and i n s u l a t i o n  provided t h e  b a s i s  f o r  h e a t  

s t e r i l i z a b i l i t y .  

These s t u d i e s  l e d  t o  

-3- 
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The fol lowing paragraphs d e s c r i b e  t h e  b a s i s  f o r  s e l e c t i n g  t h e  components 

f o r  t h e  demonstration program and p resen t  t h e  mechanical,  

b a l l i s t i c  and phys ica l  p r o p e r t i e s  of t h e  va r ious  motor materials. 

P rope l l an t  S e l e c t i o n  - The p r o p e l l a n t  s e l e c t e d  f o r  t h e  demonstrat ion 

program w a s  ANB-3289-2, a non-p las t ic ized ,  s a t u r a t e d  HTPB p rope l l an t  conta in ing  

s t a b i l i z e d  ammonium pe rch lo ra t e .  

aluminum-containing o r  non-aluminum conta in ing  ve r s ion .  The p rope l l an t  composition, 

as w e l l  as t h e  thermodynamic, b a l l i s t i c ,  phys i ca l ,  and mechanical p r o p e r t i e s  of 

t h e  aluminum-containing v e r s i o n  s e l e c t e d  f o r  t h i s  s t e r i l i z a t i o n  demonstrat ion 

program are summarized i n  F igure  1. 

This  p r o p e l l a n t  may be  formulated e i t h e r  i n  a n  

El imina t ion  of aluminum from t h e  formula t ion  would n o t  a f f e c t  t h e  capa- 

b i l i t y  of t h e  p r o p e l l a n t  t o  wi ths tand  h e a t  s t e r i l i z a t i o n  b u t  would reduce t h e  

expected s tandard  s p e c i f i c  impulse of t h e  p rope l l an t  and i n c r e a s e  t h e  minimum 

ob ta inab le  burning rate 

The e f f e c t  of s o l i d s  composition (84 t o  86 wt%) on t h e  expected s tandard  

s p e c i f i c  impulse of t h e  aluminum-containing v e r s i o n  of ANB-3289-2 is shown i n  F igure  

Processing cons ide ra t ions  l i m i t  t h e  s o l i d s  loading t o  85% w i t h  an  expected s t anda rd  

s p e c i f i c  impulse a t  18% aluminum of 2380 N-sec/Kg (242.6 lbf-sec/lbm). The e f f e c t  

of s o l i d s  composition on t h e  s tandard  s p e c i f i c  impulse of t h e  non-aluminum-con- 

t a i n i n g  v e r s i o n  i s  shown i n  F igure  3.  S a t i s f a c t o r y  processing of t h e  non-aluminum 

prope l l an t  can be  achieved a t  a s o l i d  loading of 83% w i t h  an  expected s tandard  

s p e c i f i c  impulse of 2230 N-sec/Kg (227 lbf-sec/ lbm).  

The e x c e l l e n t  s t a b i l i t y  of ANB-3289-2 p r o p e l l a n t  under h e a t  s t e r i l i z a t i o n  

condi t ions  has  been demonstrated by sub jec t ing  3 x 3 x 5 inch blocks t o  s i x  

53 hour exposures a t  135°C i n  a i r .  

is  o f fe red  by t h e  f a c t  t h a t  dimensions of t h e  p r o p e l l a n t  blocks w e r e  e s s e n t i a l l y  

Evidence of lack of degrada t ion  and gass ing  

2. 

-4- 



Aeroje t  So l id  Propuls ion  Company 

ANB-3289-2 PROPELLANT 
(Composition, Thermodynamic, Ba l l i s t i c ,  Phys ica l  and Mechanical P r o p e r t i e s )  

A. COMPOSITION 

Ingred ien t  Weight % 

Ammonium P e r c h l o r a t e  67 e 000 
( S t a b i l i z e d  wi th  0.5% FC-169) 
(Grind Composition Ung/HsMP(l) = 80/20 

Aluminum H-5 18.000 

DC-200 Antifoaming Agent 0.005 

14.995 

FC-154 Bonding Agent 
T e l  agen- S Binder 
Trimethylolpropane (TMP) 
D i m e r  Acid Diisocyanate  (DDI) 

) (2) 

T o t a l  100 e 000 

B. THERMODYNAMIC PROPERTIES 

S p e c i f i c  Impulse 
(Expected Standard) = 242 a 6 sec ,  (242.6 Ibf-seC/lbm) 

Mass Flow Coef f i c i en t ,  C 
(Theore t i ca l )  = 0.08062 Kg/N-sec (0 00617 lbm/lbf -sec) 

Thrus t  C o e f f i c i e n t ,  Cf = 1.632 

Exhaust Veloc i ty ,  C* = 1590 m/sec (5217 f t / s e c )  

I s e n t r o p i c  Flow Coef f i c i en t  
T h e o r e t i c a l  (Sh i f t i ng  e q u i l , )  = 1.1327 
E f f e c t i v e  = 1.20 

Chamber Flame Temperature 
(Theore t ica l )  = 3084OC (5534°F) 

Exhaust Flame Temperature 
(Theore t i ca l )  = 1774°C (3226OF) 

(1) Unground/high-speed Mikropulver izer  ground, 

(2) Rat io  ad jus t ed  t o  provide  d e s i r e d  p r o p e r t i e s .  

-5- 
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ANB-3289-2 PROPELLANT (Cont.) 

B.  Thermodynamic P r o p e r t i e s  (Cont.) 

Ave. Molecular Weight of Gases 

= 27.069 g/mol. Chamber 

Exhaust = 27.714 g/mol 

H e a t  of Formation =-41.775 Kca1./100g. 

Oxygen Balance 

0 - c  
- -  

= 1.2789 g atoms/lOOg. 
- 
0 - (C + 1.5 Z) = 0.2778 g atoms/lOOg. 

C. THEORETICAL EQUILIBRIUM EXHAUST COMPOSITION 

Product Quant i ty ,  moles/lOOg 

Product 

HC 1 

N2 

H2° 

H2 

O2 
0 

OH 

c1 
NO 

H 

NH3 

c02 

co 

HCM 

Chamber a t  Exhaust a t  
3084OC (5584°F) 1774°C (3226'F) 

0.4247 

0 2940 

0.3416 

1.3701 

0.0001 

0 e 0006 

0 e 0126 

0.0244 

0.0008 

0 1149 

0 6 0001 

1 0057 

0.0316 

0 0 0001 

0.5674 

0 a 2944 

0 2435 

1.4583 
- 
- 

0.0001 

0 e 0015 
- 

0.0051 

- 
1.0023 

0.0351 

- 6- 
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ANB-3289-2 PROPELLANT (Cont.) 

C.  T h e o r e t i c a l  Equi l ibr ium Exhaust Composition (Cont.) 

Product 

s i o  
A 1  

A1H 

A l C l  

A1C12 

A1C13 

A10  

A120 

A l O C l  

A1203 

Product Quant i ty ,  moles/lOOg 
Chamber a t  Exhaust at 

3084OC (5584°F) 1774OC (3226OF) 

0 a 0001 

0.0006 

0 * 0001 

0.0239 

0.0471 

0.0010 

0.0002 

0.0001 

0.0001 

0 a 2971 

0 0001 
- 
- 
- 

0.0006 

0 e 0001 

- 
0,3334 

D. BALLISTIC PROPERTIES 

Burning Rate (Sol id  S t rand)  (26.7OC) 

= 0.28 cm/sec (0.11 in./sec) 

= 0.43 cm/sec (0.17 i n . / s e c )  

2 

2 
138 N / c m  (200 p s i )  

552 N / c m  (800 p s i )  

0.32 

0.015 p 

- Pressu re  Exponent - 
0.36 2 cpn (26.70C9 138-552 N / c m  ) = 

E,  MECHANICAL PROPERTIES 

T e s t  Temp. 
O C  (OF) 

CT m 
N / c m  2 ( p s i )  

504 (730) 
186 (270) 
115 (167) 

95 (138) 
75 (108) 
60 (87) 
43 (62) 

E m 
% 

E 
0 

% 

8 
14 
13 
11 
9 
7 
5 

10  
22 
15 
12 
10  
8 
7 

Eo 
2 

N / c m  ( p s i )  

10626 (15400) 
2477 (3590) 
1387 (2010) 
1318 (1910) 
1118 (1620) 
1007 (1460) 

994 (1440) 

-7- 
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SPECIFIC IMPULSE OF NON-ALUMINIZED PROPELLANT 

(ANB-3289 Binder) 

230 

225 

2 20 - _ -  i 

E? 
5 
1 
c) 

I 
rc( 

$ 215 

5 

2 10 

205 

200 

W t  % NI-I4C1O4 
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unchanged by t h e  h e a t  t rea tment  (Figure 4 ) .  

t i a l l y  n i l  as i n d i c a t e d  by a n  i n c r e a s e  i n  t h e  s u r f a c e  hardness  of on ly  s i x  Shore 

A u n i t s  and a weight l o s s  of only 0.07 w t %  (Figure 4 ) .  Conclusive evidence of 

p r o p e l l a n t  s t a b i l i t y  is  i l l u s t r a t e d  by t h e  d a t a  presented  i n  F igure  5 which shows 

only a s m a l l  change i n  p r o p e l l a n t  mechanical p r o p e r t i e s  occurred dur ing  s i x  h e a t  

cyc les .  

c e n t e r  of t h e  block were i d e n t i c a l  t o  those  taken from t h e  su r face .  

Oxidat ive degradat ion is essen- 

I n  a d d i t i o n ,  t h e  mechanical p r o p e r t i e s  of specimens taken from t h e  

Basis f o r  P r o p e l l a n t  S e l e c t i o n  - ANB-3289-2 p r o p e l l a n t  w a s  developed 

s p e c i f i c a l l y  t o  provide  a h igh  performance p r o p e l l a n t  which would m e e t  t h e  space 

s t o r a g e  and h e a t  s t e r i l i z a t i o n  requirements of t h i s  t ype  program. The composition 

and processing methods w e r e  t h e  r e s u l t  of assessment of t h e  condi t ions  imposed 

by t h e  space environment and h e a t  s t e r i l i z a t i o n  t rea tment .  The c r i t i ca l  f a c t o r s  

a s soc ia t ed  w i t h  meeting t h e s e  requirements w e r e  i s o l a t e d  (1) through s t u d i e s  of 

the s t a b i l i t y  of p r o p e l l a n t  i ng red ien t s  and t h e  i n t e r a c t i o n  of t h e s e  i n g r e d i e n t s  

by d i f f e r e n t i a l  thermal  a n a l y s i s ,  (2) s m a l l  specimen s t e r i l i z a t i o n  tests, and (3) 

confirmation of h e a t  s t e r i l i z a t i o n  c a p a b i l i t y  and process ing  techniques by 

s t e r i l i z a t i o n  and t e s t i n g  of p r o p e l l a n t  b locks .  

Aero je t  S o l i d  Propuls ion  Company has  been working on t h e  development of 

s o l i d  p r o p e l l a n t  capable  of ope ra t ion  a f t e r  dry h e a t  s t e r i l i z a t i o n  s i n c e  la te  

1964. 

lants t o  t h e  s t e r i l i z a t i o n  a p p l i c a t i o n .  These tests conducted wi th  f r e e  s tanding  

g r a i n s  formulated from p r o p e l l a n t  AN-583AF w e r e  margina l ly  s u c c e s s f u l  when t e s t e d  

according t o  t h e  s t e r i l i z a t i o n  requirements imposed a t  t h a t  t i m e  (3 ,  36 h r  cyc le s  

a t  1 4 5 O C  (293OF)). With t h e  d e s i r e  f o r  h ighe r  performance case bonded g r a i n s  and 

t h e  i n t r o d u c t i o n  of a more severe s t e r i l i z a t i o n  q u a l i f i c a t i o n  requirement (6, 53 

h r  cyc les  a t  1 3 5 " ~  (275'F)), i t  w a s  found t h a t  no off- the-shelf  p r o p e l l a n t s  would 

In i n i t i a l  s t u d i e s ,  a t temprs  w e r e  made t o  adapt  s ta te -of - the-ar t  propel-  

-10- 
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EFFECT OF HEAT STERILIZATION* ON THE MECHANICAL 
PROPERTIES OF ANB-3289-2 PROPELLANT 

Mechanical Properties at 25°C ( 7 7 x  

0 
E 

Specimen 
% Eb' z Batch No. History Lo ca t i on %l Em 9 

2 mBcm (psi) N / cm2 /<psi) 

IOLR-3563 Initial --- 94 (136) 21 33 1179 (1708) 

Heat Sterilized Surface 70 (102) 24 44 918 (1330) 

72 ( 1 0 4 )  23 45 '900 (1305) Heat Sterilized Center 

f 

* six 53 hr exposures to 1 3 5 ° C  (275"FZ in air as measured by 
thermocouple placed 2.5 cm C1 in.) below propellant surface. 

-12- 
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success fu l ly  wi ths tand  h e a t  s t e r i l i z a t i o n .  I n  t h e  course  of t h e s e  s t u d i e s  

i t  w a s  shown t h a t  bo th  t h e  ox id ize r  and b inder  must b e  considered i n  t h e  

development of thermally s t a b l e  s o l i d  p r o p e l l a n t s  e 

Recognizing t h e  l i m i t a t i o n s  of off- the-shelf  p r o p e l l a n t s ,  s t u d i e s  w e r e  

conducted t o  i s o l a t e  t h e  problem areas and develop a h igh  performance case-bonded 

p rope l l an t  based on s t a b i l i z e d  ammonium p e r c h l o r a t e  and a non-p las t ic ized  s a t u r a t e d  

hydrocarbon b inder  which shows no change i n  b a l l i s t i c  p r o p e r t i e s  and l i t t l e  change 

i n  mechanical p r o p e r t i e s  a f t e r  h e a t  s t e r i l i z a t i o n .  I n  Appendix A,  t h e  s t u d i e s  

lead ing  t o  t h e  formula t ion  of p r o p e l l a n t  f o r  space  s t o r a g e  and h e a t  s t e r i l i z a t i o n  

are d iscussed .  Because of t h e i r  s i g n i f i c a n c e ,  t h e  thermal  s t a b i l i t y  of ammonium 

p e r c h l o r a t e  and t h e  s t a b i l i z a t i o n  techniques are d iscussed  f i r s t ,  followed by a 

d i scuss ion  of t h e  importance of b inde r  h igh  temperature  s t a b i l i t y  s t u d i e s  and 

p r o p e l l a n t  process ing  cons ide ra t ions .  These s t u d i e s  l e d  t o  t h e  development of 

t h e  h e a t  s t e r i l i z a b l e  p r o p e l l a n t  ANB-3289-2 whi le  cont inuing  s t u d i e s  have 

provided h e a t  s t e r i l i z a b l e  i n s u l a t i o n s  and bonding systems f o r  u s e  wi th  t h i s  

p rope l l an t  i n  case-bonded motor conf igu ra t ions .  

Self-heat ing dur ing  h e a t  s t e r i l i z a t i o n  w i l l  n o t  pose a hazard w i t h  

ANB-3289-2 based on se l f -hea t ing  tests w i t h  a s i m i l a r  p rope l l an t .  

show t h a t  web th icknesses  of g r e a t e r  t han  25.4  cm ( lO-ine)  can be hea ted  a t  

135°C (275'F)  without  encounter ing exothermic r e a c t i o n  rates s u f f i c i e n t  

t o  h e a t  t h e  g r a i n  t o  a u t o i g n i t i o n  temperature .  

These tests 

Sa fe ty  tests show t h e  impact s e n s i t i v i t y  of ANB-3289-2 p r o p e l l a n t  t o  be  

15 cm (2Kg weight) and t h e  P rope l l an t  could no t  be  i g n i t e d  under s tandard  

tests i n  t h e  r o t a r y  f r i c t i o n  test .  

-13- 
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Insulation Selection - Liner-bond integrity is of prime importance in any 

case bonded motor. To ensure bond integrity the total bond system consisting of 

motor case/insulation/liner/propellant had to be considered. 

or mobile species from any of the individual components in this composite bond 

system can seriously affect bond integrity. Since temperature increases the 

mobility of such species and accelerates decomposition reactions with possible 

formation of undesirable contaminants, selection of bond systems suitable for heat 

sterilization required a careful analysis of the behavior of each component and 

assurance that no interactions would occur that could adversely affect the bond. 

Migration of volatile 

These company-sponsored studies showed that maximum resistance to oxidative 

attack during the long high temperature exposure imposed by heat sterilization, 

as in the case of the propellant binder, is achieved by elimination of sites 

subject to oxidative attack. Of the materials tested the most stable, both 

from the standpoint of mechanical properties and bonding characteristics was 

GenGard V-4030 insulation, (an ethylene propylene rubber) containing no 

reactive migratory components. Nevertheless this insulation as indicated later 

does undergo a significant change in mechanical properties during heat sterilization. 

Liner Selection - Because the stability of the propellant/liner bond is 

a critical factor to the success of the motor sterilization program, preliminary 

tests were made to optimize bonding techniques to assure the most stable bond 

system. These studies, which were initiated before the contract was awarded, 

indicated that an extremely stable bond can be achieved if certain precautions 

in liner selection and treatment are followed. 

Previous studies conducted at Aerojet in which a variety of liners were 

evaluated for stability to heat sterilization showed that the presence of a cure 

catalyst resulted in degradation of the propellant interface and, in fact, in some 

-14- 
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ins t ances  caused cons iderable  degradat ion of t h e  l i n e r  i t s e l f .  This  

observa t ion ,  which i s  s i m i l a r  t o  t h e  one previous ly  made t h a t  t h e  p r o p e l l a n t  

i t s e l f  must b e  f r e e  of c a t a l y s t s ,  requi red  t h e  s e l e c t i o n  of a bonding system 

from which c a t a l y s t s  could be el iminated.  

This  requirement would appear t o  impose a severe r e s t r i c t i o n  on t h e  

l i n e r  formulat ion because i t  i s  h igh ly  d e s i r a b l e  t h a t  t h e  l i n e r  g e l  r a p i d l y  

s o  t h a t  p r e c i s e  c o n t r o l  of l i n e r  t h i ckness  can b e  assured  and c a t a l y s t s  are 

needed t o  provide  r ap id  g e l a t i o n  and cure.  The problem, however, w a s  overcome 

by t h e  s e l e c t i o n  of a l i n e r  conta in ing  a v o l a t i l e  amine c a t a l y s t  which can 

be removed from t h e  l i n e r  a f t e r  cure .  The l i n e r  s e l e c t e d ,  SD-886, has  

been shown t o  provide e x c e l l e n t  p r o p e l l a n t  bonds which are e s s e n t i a l l y  

unaf fec ted  by h e a t  s t e r i l i z a t i o n .  SD-886 l i n e r  conta ins  a b inder  based on 

a p o l y e s t e r t r i o l ,  d iepoxide-di isocyanate  cur ing  agents ,  an amine c a t a l y s t  

and Ti02 and carbon b lack  f i l l e r s .  

The pre l iminary  tests t o  opt imize t h e  l i n e r  a p p l i c a t i o n ,  cure  and 

c a t a l y s t  s t r i p p i n g  w e r e  conducted using double p l a t e  t e n s i l e  (DPT) specimens. 

These specimens w e r e  prepared wi th  1.52 mm (60 m i l )  t h i c k  GenGard V-4030 

i n s u l a t i o n  because t h e  c a t a l y s t  could be absorbed i n t o  t h e  i n s u l a t i o n  and 

then la te r  d i f f u s e  i n t o  t h e  bond i n t e r f a c e .  

Two sets of DPT specimens w e r e  prepared,  i n  both  sets t h e  i n s u l a t i o n  

w a s  bonded t o  t h e  s teel  p l a t e s  wi th  Chemlock 220 adhesive and 205 m e t a l  primer.  

-15- 
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The i n s u l a t e d  p l a t e s  w e r e  g iven  a 24 hr h e a t  soak a t  149°C (300°F) t o  remove any 

v o l a t i l e  s p e c i e s  and decompose any f i l l e r  hydra tes .  

w i th  SD-886 l i n e r  and g iven  t h e  s tandard  43°C (110'F) cure  f o r  48 h r s .  The second 

set w a s  l i n e d ,  given t h e  s tandard  cure ,  and then  g iven  a 24 h r  soak a t  149OC 

The f i r s t  set was  then  l i n e d  

(300°F) t o  remove any absorbed amine c a t a l y s t  from t h e  i n s u l a t i o n .  Both DPT sets 

were then  s p a t u l a  cast wi th  ANB-3289-2 p r o p e l l a n t  and cured a t  57°C (135OF) f o r  t e n  

days. The mechanical p r o p e r t i e s  of t h e  4.54 Kg (10-lb) p rope l l an t  ba t ch  are shown 

below: 

90 (130) 73 (106) 33 50 522 (756) 

The two sets of DPT specimens were then  sub jec t ed  t o  heat s t e r i l i z a t i o n .  

The f i r s t  set ,  8 specimens, permit ted t e s t i n g  a f t e r  each of seven 60 h r  cyc le s .  The 

second, given a 149°C bake, contained 7 specime-ns and t h e r e f o r e  could only b e  t e s t e d  

a f t e r  each of s i x  cyc le s ,  

'i I 

The t e n s i l e  d a t a  obtained are shown i n  F igure  6 .  

The d a t a  presented  confirm t h e  e x c e l l e n t  bonding p r o p e r t i e s  and thermal  

s t a b i l i t y  of t h e  SD-886/ANB-3289-2 bond. That the s t anda rd  cure  t rea tment  is  n o t  

adequate t o  remove a l l  of t h e  amine c a t a l y s t  is  ind ica t ed  by t h e  poorer  

bond and gummy i n t e r f a c e  exh ib i t ed  by t h e  i n i t i a l  bond t e n s i l e .  

s t e r i l i z a t i o n  t h e  c a t a l y s t  apparent ly  i s  v o l a t i l i z e d  and t h e  bond became comparable 

With h e a t  

t o  t h e  h e a t  t r e a t e d  set .  I n  a motor, however, v o l a t i l i z a t i o n  would b e  far more 

d i f f i c u l t  and t h e r e f o r e  t h e  h e a t  t rea tment  would be  requi red .  Some s l i g h t  l o s s  

i n  s t r e n g t h  of t h e  p r o p e l l a n t  i t s e l f  i s  i n d i c a t e d  over t h e  s i x  t o  seven h e a t  

s t e r i l i z a t i o n  cyc le s .  This  is  probably due t o  t h e  f a c t  t h a t  t h e  modulus of t h e  

p rope l l an t  i s  low enough t o  permit  some f a t i g u i n g  t o  occur .  

P e e l  specimens comprised of GenGard 4030 i n s u l a t i o n  (2.5 x 10 cm cl x 4 i n )  

specimens),  SD-886 l i n e r  and ANB-3289-2 p r o p e l l a n t  having a c r o s s l i n k e r  concent ra t ion  of 

35 equ iva len t s  were prepared.  The pee l  specimens were made up wi th  GenGard 4030 

-16- 
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i n s u l a t i o n  r a t h e r  than  g l a s s  c l o t h  i n  o rde r  t o  more c l o s e l y  approximate a c t u a l  

motor condi t ions .  T h i s  w a s  considered important  i n  that migratory s p e c i e s  under 

h e a t  s t e r i l i z a t i o n  cond i t ions  would adverse ly  a f f e c t  t h e  p e e l  s t r e n g t h  of e i t h e r  

t h e  i n s u l a t i o n / l i n e r  o r  t h e  l i n e r  p r o p e l l a n t  bond. The techniques developed f o r  

minimizing v o l a t i l e  i n g r e d i e n t s  and e l imina t ing  t h e  l i n e r  cure  c a t a l y s t  repor ted  

i n  t h e  previous paragraphs were followed. The i n s u l a t i o n  w a s  given a 24 h r  bake 

a t  149OC (300OF) p r i o r  t o  l i n e r  a p p l i c a t i o n  and t h e  cured l i n e d  specimens a 24 h r  

bake a t  149°C (300°F) p r i o r  t o  p rope l l an t  ca s t ing .  

The p e e l  s t r e n g t h  of t h e  bond w a s  determined a t  25°C (77°F) both i n i t i a l l y  

and a f t e r  two, fou r  and s i x  h e a t  s t e r i l i z a t i o n  cyc les .  As  shown by t h e  d a t a  pre- 

sen ted  i n  F igure  7, t h e  p e e l  s t r e n g t h  is lL5.7 N/cm (8 p s i ) .  Heat s t e r i l i z a t i o n  

does n o t  a f f e c t  t h e  p e e l  s t r e n g t h  of t h e  l i n e r / p r o p e l l a n t  bond and f a i l u r e  

2 

occurs  i n  t h e  p rope l l an t  c l o s e  t o  t h e  l i n e r / p r o p e l l a n t  i n t e r f a c e .  

Materials - I n  a previous Aero je t  s t e r i l i z a t i o n  s tudy  t h e  fol lowing i n e r t  

materials w e r e  t e s t e d  t o  determine t h e  e f f e c t s  of h e a t  s t e r i l i z a t i o n :  

T e s t  Material o r  Specimen 

Fiberglass-epoxy ( f i lament  
wound chamber m a t e r i a l s )  

Aluminum 

Si l ica-phenol ic  (nozzle  
i n s u l a t i o n  materia 1) 

Type of T e s t s  

Weight loss, hardness ,  composite t e n s i l e  
s t r e n g t h ,  and h o r i z o n t a l  shea r  s t r e n g t h  

T e n s i l e ,  f r a c t u r e  toughness,  and stress 
co r ros ion  p r o p e r t i e s  

Weight l o s s ,  hardness ,  f l a t w i s e  t e n s i l e  
s t r e n g t h ,  edgewise compressive s t r e n g t h ,  
i n t e r l amina r  shea r  s t r e n g t h ,  and r e g r e s s i o n  
rate 

O-ring material: Buna N, Viton,  Hardness,  weight loss, compression set ,  
s i l i c o n e ,  and e thy lene  propylene tear r e s i s t a n c e ,  t e n s i l e  s t r e n g t h ,  and 

Fiberglass-epoxy t o  GenGard V-45 Lap shear  s t r e n g t h  a t  ambient and e l eva ted  
and SD-850 i n s u l a t i o n  bond temperatures  

e longa t ion  

-18- 
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Material specimens were heat sterilized in a nitrogen atmosphere and 

the material properties were measured by standard procedures. Control 

specimens were also prepared, stored at ambient condition, and tested to 

obtain comparative data. Two sets of sterilization conditions were used 

during the programs. Specimens were exposed to heat sterilization during 

the first test series only and to chemical decontamination and heat sterilization 

during the second test series. The conditions for the first series of tests 

were three 50-hr cycles at a temperature of 149°C (300'F). 

the second series of tests were one 25-hr exposure to a 12% ethylene oxide - 

88% Freon 12 atmosphere at a temperature of 50°C (122°F) followed by 

six 53-hr cycles at a temperature of 135OC (275'F). 

tests are summarized in Figures 8 through 11. 

The conditions for 

The results of these 

Because these tests show aluminum to be little affected by heat 

sterilization, 7 cm (2.75 inch) diameter motor casings (aluminum) were 

selected for use in the demonstration program. Although nozzles, igniters, and 

O-ring sealed joints were not required for the present study, the tests 

on these materials indicate that no problem exists in sterilizing these 

components. Data from tests of FM-5131, a typical silica-phenolic nozzle 

insulation material, indicate that the change in regression rate as measured 

in plasma arc tests (Figure 10) is the only effect of sterilization other than 

thermal expansion that will require consideration during motor design 

efforts 

Although the results of O-ring material tests (Figure 11) show that 

all materials are affected by sterilization, the property changes are not 

sufficient to prevent the O-rings from functioning satisfactorily. 

-20- 
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Material Property 

EFFECTS OF STERILIZATION ON THE PROPERTIES 
OF 7079-T6 ALUMINLTM 

Material Soecimen 

Control  S t e r i l i z e d  ‘I’ 

F r a c t u r e  Toughness: 

Pre-Cracked Charpy T e s t s ,  

2 W/A cm-Kg/cm 
2 ( i n .  - lb/  i n .  ) 

Single  Edge Notch T e s t s  

2 

( k s i - i n  ) 

KIC, N / c m  -cm 

T e n s i l e  P r o p e r t i e s  : 
2 Yield S t r e n g t h ,  N/m 

( k s i )  

T e n s i l e  S t rength ,  N/m 
(ks i )  

Elongation, % (2.54 cm, 

Area Reduction, % 

2 

9 

1.0 i n . )  

Stress Corrosion: 

Yield S t rength ,  0.2% o f f s e t ,  

N/m2 
( k s i )  

T e n s i l e  S t rength  N/m 

Elongation, % (1.27 cm, 0.5 i n . )  

Area Reduction, % 

2 

( k s i )  

9.72 11.04 
(54 3) (61.7) 

4.79 5.44 

(17.6) (20 .O) 

4.09 4.04 
(59.4) (58.6) 

5.15 4.95 
(74.6) (71.8) 

5.7 11.8 

1 0 . 1  22.7 

3.82 3.91 
(55.4) (56.7) 

4.71 4.80 
(68.3) (69.6) 

4.6 6.8 

9.2 18.1 

(1) S t e r i l i z a t i o n  condi t ions  cons is ted  of exposure t o  12% e thylene  
88%, Freon mixture  a t  50°C (122’F) f o r  25 h r  and s i x  cyc les  of 
ea a t  135°C (275°F) i n  a n i t r o g e n  atmosphere. 

Change, % 

+13 e 6 

+12.0 

-1.35 

-3.75 

+10 7 

+125 

+2.34 

+1.90 

+47.8 

+96.7 

oxide- 
53 h r  

-22- Figure 9 
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Post-sterilization tests of titanium performed by Martin/Denver 

indicate that the metal is unaffected, 

B. REQUALIFICATION OF RAW MATERIALS 

Sufficient quantities of all of the raw materials required for the 

program were available from existing stock. The oxidizer, the metal to 

insulation adhesive, the insulation and the propellant binder and crosslinker 

were qualified through either chemical analysis and/or sterilization tests. 

Where required, additional purification steps were taken to assure the highest 

quality for these raw materials. 

Oxidizer - Approximately 454 kg (1000 lbs) of stabilized ammonium 

perchlorate, prepared by the Pacific Engineering Company, has been kept in 

stock for approximately one year. This material, lot No. P,E. 69001, was 

ordered in anticipation of oxidizer needs for propellant sterilization 

programs. The material has been stored in sealed drums containing bags 

of desiccant. 

This oxidizer was analyzed for moisture content and found to be 

extremely dry after the one year conditioning (surface moisture = 0.004 wt%, 

total moisture = 0,010 wtX). 9.08 Kg (20 lbs) of high speed Mikro- 

pulverizer ground (HSMP) oxidizer was prepared from this lot to provide the 

HSMP ground oxidizer for the program. The HSMP ground material was found to have 

a surface moisture of 0,010 wt% and total moisture content of 0.016 wt%. 

Differential thermal analysis of both the unground and HSMP ground oxidizer 

indicated very satisfactory thermal stability. The thermographs obtained on 25 

725- 



Aeroj e t  S o l i d  Propuls ion Company 

mg samples are shown i n  F igure  12 and compared w i t h  a thermograph of a t y p i c a l  

u n s t a b i l i z e d  l o t  of ammonium pe rch lo ra t e .  

ox id i ze r s  have e s s e n t i a l l y  t h e  same DTA's  and show f a r  smaller f i r s t  exotherms 

then  t h a t  f o r  t h e  u n s t a b i l i z e d  material. S t a b i l i z a t i o n  has  r a i s e d  t h e  onse t  of t h e  

f i r s t  exotherm as p red ic t ed  from 275 t o  325OC. 

The s t a b i l i z e d  unground and ground 

I n s u l a t i o n  and Metal t o  I n s u l a t i o n  Adhesive - A s u f f i c i e n t  q u a n t i t y  of 

GenGard 4030 EPR i n s u l a t i o n  w a s  set a s i d e  t o  complete the program and provide 

s u f f i c i e n t  i n s u l a t i o n  f o r  one o r  two f u l l - s c a l e  motors should scale-up a t  a la ter  d a t e  

b e  ind ica t ed .  

A s m a l l  shee t  of t h e  1.52mm t h i c k  (60 m i l )  unvulcanized f n s u l a t i o n  w a s  given a 

recommended 1 .5  h r  149°C (300'F) vu lcan iza t ion  treatment under p re s su re  and then  

c u t  i n t o  12 micro I n s t r o n  specimens. 

mechanical p r o p e r t i e s  and weight loss of t h e s e  specimens w a s  determined and t h e  

r e s u l t s  are presented  i n  F igure  13 .  

of approximately 1.5%, bu t  l i t t l e  change i n  weight t h e r e a f t e r .  

l o s s  combined wi th  a g a i n  i n  mechanical p r o p e r t i e s  dur ing  the f i r s t  two heat 

s t e r i l i z a t i o n  cyc le s  i n d i c a t e s  t h e  1.5 h r  vu lcan iza t ion  t o  b e  inadequate  and t h a t  

i t  is  adv i sab le  t o  g i v e  i n s u l a t e d  chambers a t  least one h e a t  cyc le  p r i o r  t o  l i n i n g  

t o  i n s u r e  f u l l  cure  and removal of v o l a t i l e  i n g r e d i e n t s .  

t h e  e thylene  propylene rubber  shows a cons iderable  l o s s  i n  mechanical p r o p e r t i e s  

during h e a t  s t e r i l i z a t i o n ,  t h e  mechanical p r o p e r t i e s  a f t e r  s t e r i l i z a t i o n  are s t i l l  

f a r  more than  adequate  t o  m e e t  a n t i c i p a t e d  motor requirements .  

(GenGard 4030 i n s u l a t i o n  i s  f r e e  of process ing  a i d s  and coa t ings . )  

The e f f e c t  of h e a t  s t e r i l i z a t i o n  on t h e  

The i n s u l a t i o n  s u f f e r s  an i n i t i a l  weight l o s s  

Th i s  i n i t i a l  weight 

Although, s u r p r i s i n g l y ,  

The adequacy of t h e  m e t a l  t o  i n s u l a t i o n  adhes ive  was  a l s o  eva lua ted .  The 

adhesive s e l e c t e d  from previous s t u d i e s  w a s  Chemlock 220 used wi th  Chemlock 203 

m e t a l  primer.  

w i t h  FM-47 primer.  

Four 2.5 x 10 cm (1" x 4") aluminum s t r i p s  were sanded and then  primed 

The FM-47 a f t e r  cure  w a s  coated w i t h  Chemlock 203 primer.  

-26- 
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Four 2.5 x 7.5 cm (1" x 3") specimens of GenGard 4030 i n s u l a t i o n  (unvulcanized) 

w e r e  abraded and coated on one s u r f a c e  w i t h  Chemlok 

a l s o  coated w i t h  Chemlok 220. 

6.9 N/cm (10 p s i )  p re s su re  a t  149°C (300°F) (1.5 h r s ) .  The p e e l  r e s i s t a n c e  of 

t h e  specimens, as i n d i c a t e d  by the Chemlok l i t e r a t u r e ,  is  p a r t i a l l y  dependent 

on t h e  p re s su re  during vu lcan iza t ion  of t h e  bond. The recommended p res su re  of 

220 and t h e  m e t a l  s t r i p s  

The specimens w e r e  bonded t o  the metal under 

2 

2 69 N/cm 

v a r i a b i l i t y  i n  p e e l  s t r e n g t h  w a s  observed. The bond w a s  non-uniform wi th  some 

s u r f a c e s  found t o  bond extremely w e l l  whi le  o t h e r s  had poorer bond s t r e n g t h s .  

s t e r i l i z a t i o n  had l i t t l e  e f f e c t  on t h e  bond as i n d i c a t e d  by manual t e s t i n g .  The 

weight l o s s  of t h e  bonded specimens, F igure  14,  during h e a t  s t e r i l i z a t i o n  w a s  

similar t o  t h a t  observed w i t h  t h e  micro I n s t r o n  specimens of GenGard 4030. 

a h igh  temperature  prebake a t  135 t o  149°C (275 t o  300°F) f o r  a t  least  24 h r s  would 

b e  ind ica t ed .  This  i s  p a r t i c u l a r l y  important i f  t h e  weight l o s s  r e p r e s e n t s  decom- 

p o s i t i o n  of hydrated f i l l e r s  i n  the i n s u l a t i o n .  

(100 p s i )  w a s  no t  a v a i l a b l e  f o r  t h e  specimen p repa ra t ion ,  hence, some 

Heat 

Again 

Binder/Crossl inker  - The Telagen-S ( l o t  #316AM-5) purchased i n  1969 f o r  u se  

i n  t h e  p repa ra t ion  of h e a t  s t e r i l i z a b l e  s o l i d  rocke t  p r o p e l l a n t s  w a s  s p e c i a l l y  

prepared t o  provide  a h igh  concent ra t ion  of b i f u n c t i o n a l  cha ins  and reduced con- 

c e n t r a t i o n  of mono-functional o r  non-funct ional  c o n s t i t u e n t s  which could lower t h e  

b inder  molecular  weight and c o n t r i b u t e  migratory s p e c i e s  and adverse bonding p r o p e r t i e s .  

The s p e c i a l  t rea tment  r equ i r ed  t o  o b t a i n  t h i s  middle c u t  w a s  chromatographic sep- 

a r a t i o n  using a s i l i ca  g e l  column, Analysis  of t h e  Telagen-S prepolymer f o r  heavy 

metals ind ica t ed  an i r o n  conten t  of %8 ppm and s i l i c o n  of 150 ppm. The equ iva len t  

weight of t h e  material as determined from the hydroxyl number w a s  found t o  b e  1080. 

The presence of heavy m e t a l s  even i n  such low concent ra t ions  is n o t  d e s i r a b l e  because 
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of t h e i r  c a t a l y t i c  e f f e c t  on polymer decomposition. The trace of i r o n ,  though 

very  s m a l l ,  could act as a primary c a t a l y s t .  S i l i c o n  compounds have been found t o  

b e  s y n e r g i s t i c  f o r  i r o n .  
I t  

The sources  of t h e  two comtaninants w e r e  presumed t o  b e  as fol lows:  

a. I r o n  - i r o n  oxide  from cor ros ion  of process  equipment. 

b .  S i l i c o n  - s i l i ca  g e l  used i n  chromatographic t reatment  of t he  polymer. 

Experiments were conducted t o  determine t h e  b e s t  technique f o r  removing 

t h e s e  i m p u r i t i e s  and i t  w a s  found t h a t  t rea tment  of the polymer i n  to luene  s o l u t i o n  

wi th  a c t i v a t e d  carbon (DARCO S-5lRL, A t l a s  Chemical I n d u s t r i e s )  reduced the i r o n  

conten t  t o  less than  2 ppm and the s i l i c o n  t o  27 ppm. 

Using t h i s  technique,  5.45 Kg (12 l b s )  of the Telagera-S prepolymer were 

t r e a t e d  i n  to luene  s o l u t i o n .  A f t e r  t rea tment  and c a r e f u l  f i l t r a t i o n ,  t h e  excess  

to luene  w a s  removed by f l a s h  d i s t i l l a t i o n .  

degassed by passage through a wiped f i l m  s t i l l  a t  h igh  vacuum a t  2OO0C (392'F). Analysis  

of t h e  t r e a t e d  polymers by emission spectroscopy showed complete e l imina t ion  of 

The t r e a t e d  polymer w a s  then  thoroughly 

a l l  m e t a l  i ons  o t h e r  than  s i l i c o n ,  and r educ t ion  of t h e  s i l i c o n  conten t  t o  10 ppm. 

The equiva len t  weight of t h e  polymer w a s  found t o  be  1120 by hydroxyl a n a l y s i s .  The 

s l i g h t  i n c r e a s e  may be  due t o  vacuum removal of lower molecular  weight s p e c i e s .  

This  very  pure  prepolymer w a s  then  set a s i d e  f o r  u se  i n  t h e  program. 

The c r o s s l i n k e r ,  t r i -methylolpropane (TME'), i s  a very  pure commercial 

product  purchased r e g u l a r l y  by Aeroje t  S o l i d  Propuls ion  Company. 

12.35 Kg (25 l b s )  of Lot 6710 (eq. w t  = 44) w a s  set a s i d e  f o r  u s e  i n  t h i s  program. 

A t o t a l  of 

Addi t iona l  t e s t i n g  w a s  n o t  undertaken. 

A 17.25 Kg (38 l b )  l o t  of the dimeryl-di isocyanate  cur ing  agent  (Lot No. 

8L306) w a s  purchased from t h e  Quaker Oats Co. i n  1969 f o r  the s t e r i l i z a t i o n  s t u d i e s ,  

This  material w a s  reanalyzed and found t o  have an  equiva len t  weight of 306. 

-31- 



Aero j et Solid Propulsion Company 

C. PROPELLANT MElCHANICAL PROPERTIES ADJUSTMENT 

As indicated previously a minimum crosslink density is required during 

heat sterilization of thick webs (>7.5 cm, 3.0 in.) if the development of 

propellant porosity is to be avoided. Previous tests had shown that a 

crosslink density in ANB-3289-2 propellant corresponding to a modulus of 

1170 N/cm 2 (1700 psi) was adequate to overcome this type of fatiguing. 

It was therefore decided for the demonstration study that propellant with a 

modulus of 1380 N/cm2 (2000 psi) would be used to assure elimination of 

fatigue and provide a margin of safety should differences in the functionality 

in the prepolymer from that previously tested affect the lower limit of 

stability . 
Based on the experience with previous lots of Telagen-S saturated 

primary hydroxyl-terminated polybutadiene it was anticipated that the desired 

crosslink density to give a modulus of the order of 1380 N/cm 2 (2000 psi) 

would require 30 to 35 equivalents of trimethylolpropane. 4 Kg (10 lb) 

propellant qualification batches were therefore prepared at the two crosslinker 

levels. 

hardness readings in two weeks. 

(1109 and 1245 psi), respectively, fell below the desired 1380 N/cm (2000 psi) 

These batches completed cure as indicated by constant Shore "A" 
2 The moduli of these batches 765 and 850 N/cm 

2 

modulus as shown in Figure 15, Assuming an approximately linear relationship 

between modulus and crosslinker concentration, a third 4 Kg (10 lb) batch was 

prepared using 50 equivalents of crosslinker. This propellant batch No. 

1OGP-1620 had a modulus of 2148 N/cm 2 (3113 psi) indicating a non-linear effect 

of crosslinker concentration on modulus at higher crosslink levels. Even at 

this high modulus the maximum elongation is still over 9%. 

From a plot of the moduli of these three batches versus crosslinker 

concentration, Figure 16, a trimethylolpropane level of 43 equivalents was 

selected to obtain the desired modulus, 
-32- 
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D. BURNING RATE 

The solid strand burning rate of ANB-3289-2 propellant was determined from 

qualification batch No. 1620 over a pressure range of 140 to 550 N/cm2 (200 to 

800 psi). The plot of the data obtained is presented in Figure 17 and shows the 

propellant to have the desired low burning rate and a pressure exponent of 0.32. 

E. MECHANICAL PROPERTIES AND BOND CHARACTERIZATION 

Mechanical Properties - Propellant batches cast with 43 equivalents of 

crosslinker, the level indicated by the qualification batches had the desired 

propellant modulus of %1380 N/cm2 (200 psi). 

rate and temperature on the uniaxial tensile properties of propellant prepared 

using the adjusted formulation are presented in Figure 18. 

that the optimum elongation for the propellant occurs at 4.4"C (40°F). 

tensile strength of the propellant at 135°C (275°F) was considered adequate as 

indicated by a tensile value of 43 N/cm2 (62 psi) at a strain rate of 0.74 min-' 

and 33 N/cm2 (48 psi) at a strain rate of 0.074 min-l- 

Data showing the effect of strain 

These data show 

The 

The effect of strain rate on the uniaxial tensile properties of ANB-3289-2 
2 under 217 N/cm (300 psig) pressure was determined at 4.4 (40°F) and 25°C (77°F) 

to provide data for determination of allowables under motor firing conditions. 

These data are presented in Figure 19. 

A plot of the strain rate data including measurements made at both ambient 
2 and 217 N/cm (300 psig) pressure is presented in Figure 20. 

A master relaxation curve for ANB-3289-2 propellant has been prepared based 

on measurements over the temperature range of -18 to 135°C (0-275°F). This curve 

which is presented in Figures 21A and 21B indicates an extremely low slope from 

-18°C (0°F) to a temperature of 93°C (200°F). At this point a discontinuity occurs 

indicating a greater drop off in relaxation modulus. This discontinuity is more 

apparent from the time-temperature shift plot presented in Figure 22, The lower 

-35- 
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than a n t i c i p a t e d  r e l a x a t i o n  modulus would i n d i c a t e  a lower than a n t i c i p a t e d  

bond stress. The d i s c o n t i n u i t y ,  however, impl ies  a change i n  p r o p e l l a n t  charac- 

terist ics wi th  s t o r a g e  a t  temperatures  above 93OC (200°F) o r  i n  o t h e r  words, a 

p o s s i b l e  s h i f t  i n  t h e  ze ro  stress temperature .  This  s h i f t  may t h e r e f o r e  occur even 

though previous tests had i n d i c a t e d  i t  t o  be  extremely s m a l l  f o r  ANB-3289-2 pro- 

p e l l a n t .  This  change could imply t h a t  some p r o p e l l a n t  bonds e i t h e r  i n  t h e  b inde r  

network o r  between b inder  and f i l l e r  are broken under s t r e s s e d  condi t ions  and 

reformed i n  a non-stressed condi t ion  because the t e n s i l e  p r o p e r t i e s  of ANB-3289-2 

p r o p e l l a n t  have been shown t o  be  l i t t l e  changed by h e a t  s t e r i l i z a t i o n  as shown i n  

F igure  5.  

Bonding P r o p e r t i e s  - Constant rate shea r  measurements on poker ch ip  specimens 

of ANB-3289-2 p r o p e l l a n t  bonded t o  SD-886 l i n e r  and GenGard 4030 i n s u l a t i o n  w e r e  

conducted a t  25, 66 and 135°C (77,  150 and 275OF) us ing  crosshead rates of 5.08, 

0.508 and 0.0508 cm/min (2.0, 0.2 and 0.02 in . /min) .  The specimens w e r e  prepared 

from p r o p e l l a n t  ba t ch  No. 1OGP-1684 w i t h  t h e  c r o s s l i n k e r  concen t r a t ion  of 43 

equ iva len t s  r equ i r ed  f o r  an  ambient temperature  modulus of 1380 N/cm 

The shea r  va lues  obta ined ,  t i m e  t o  f a i l u r e  and t h e  f a i l u r e  mode are presented  i n  

F igure  23. Unfor tuna te ly ,  both a t  25 and 135°C (77 and 275OF) t h e  bond f a i l u r e s  

w e r e  of a secondary type  occurr ing  i n  t h e  bonds between p r o p e l l a n t  and m e t a l  p l a t e .  

The t r u e  shea r  va lues  are t h e r e f o r e  h ighe r  and t h e  va lues  obtained r ep resen t  a 

conserva t ive  minimum. These va lues  are about 50% of t h e  t e n s i l e  va lues  obta ined  

f o r  t h e  t e n s i l e  specimens, r a t h e r  than  t h e  70% normally obta ined .  Because of t h e  

l i m i t e d  number of specimens no f u r t h e r  tests could b e  made s o  t h a t  t h e s e  lower 

va lues  w e r e  used f o r  des ign  cons ide ra t ions .  A p l o t  of t h e  d a t a  r e l a t i n g  bond 

shea r  s t r e n g t h  t o  t i m e  t o  break is  presented  i n  F igu re  24. 

2 (2000 p s i ) .  

Constant rate bond t e n s i l e  measurements conducted wi th  s imilar  poker ch ip  

specimens were made a t  -18, 25 and 66°C (0, 77 and 150'F) a t  crosshead rates of 

-43- 
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5.08, 0.508 and 0.0508 cm/min. ( 2 - 0 ,  0.2 and 0 ,02  in . /min) ,  The t e n s i l e  v a l u e s ,  

time t o  f a i l u r e  and f a i l u r e  mode f o r  each test are presented  i n  F igure  25. 

t u n a t e l y  aga in ,  some secondary bond f a i l u r e s  occurred and these r e p r e s e n t  minimum 

values .  A s  i n  t h e  shea r  tests, no adhes ive  f a i l u r e s  w e r e  observed. These d a t a  

are presented  i n  F igure  26. 

Unfor- 

High rate shea r  tests w e r e  a l s o  conducted a t  25°C (77°F) t o  provide 

information on bond c a p a b i l i t i e s  under f i r i n g  cond i t ions .  

N / c m  

motor and tests performed a t  s t r a i n  rates of 5 ,  50 and 500 min . These d a t a  are 

presented i n  F igure  27. A p l o t  of t h e  d a t a  i s  shown i n  F igure  28. 

F. PHYSICAL PROPERTIES 

A pres su re  of 207 

2 (300 p s i )  w a s  s e l e c t e d  as approximately t h a t  a n t i c i p a t e d  f o r  a f u l l - s c a l e  

-1 

The thermal  c o e f f i c i e n t  of expansion of ANB-3289-2 w a s  measured by both a 

l i n e a r  technique and by a buoyancy technique.  The buoyancy technique though more 

commonly accepted cannot b e  used a t  temperatures  over 10°C (+50°F) and hence is 

only a p p l i c a b l e  i f  no v a r i a t i o n  from l i n e a r i t y  occurs  a t  h igh  temperature.  

L inear  measurements w e r e  made over a temperature  range of 32 t o  77°C (89 

-5 t o  171°F) and -39 t o  46°C (-38 t o  115°F).  The va lues  obta ined  were 9.25 x 10 

cm/cm/"C (5.14 x in . / i n . / "F )  and 1.02 x cm/cm/"C (5.67 x i n . / i n . / " F ) ,  

r e s p e c t i v e l y .  Measurement of t h e  thermal  coe f f i cgen t  of expansion by a buoyancy 

technique over a temperature  range of -40 t o  10°C (-40 t o  50°F) r e s u l r e d  i n  a va lue  

of 1.15 x lo-' cm/cm/"C  (6.4 x i n . / i n . / " F ) .  

To i n s u r e  t h a t  no anomalies occurred i n  t h e  thermal  expansion of ANB-3289-2 

p rope l l an t  a t  temperatures  up t o  135°C (275"F), measurements of t h e  thermal  expaiision 

of t h e  p r o p e l l a n t  w e r e  repea ted ,  covering i n  two experiments t h e  range 25 t o  149°C 

(77 t o  300°F) using specimens from two s e p a r a t e  ba tches  of p r o p e l l a n t ,  N o  
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dev ia t ion  from l i n e a r i t y  w a s  observed i n  e i t h e r  experiment and t h e  r e p l i c a t e  

va lues  f o r  thermal  c o e f f i c i e n t  of expansion determined w e r e  as fol lows:  

Thermal Coef f i c i en t  of Expansion, 
P rope l l an t  0°C (OF) Cm/Cm/"C ( in . / in . /OF) 

10GP-1685 25-130 (77-266) 1.05 (5,84 

1.04 (5.77 

10GP-1620 25-149 (77-300) 1.06 x (5.89 

1 - 0 1  (5.62 

The s o l i d  dens i ty  a t  25°C (77°F) of ANB-3289-2 p r o p e l l a n t  w a s  measured and 

3 found t o  b e  1.736 g/cm3 (0.06272 lb s / in  ). 
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G .  HEAT STERILIZATION TESTS 

A l l  of t h e  d a t a  c o l l e c t e d  on phys ica l  p r o p e r t i e s ,  mechanical p r o p e r t i e s ,  

stress r e l a x a t i o n  and bond i n t e g r i t y  w a s  used i n  a stress a n a l y s i s  t o  determine 

s t r a i n  and bond t e n s i l e  a l lowables  f o r  t h e  p r o p e l l a n t ,  i n s u l a t i o n  and bonding 

system. Using t h i s  a n a l y s i s  a s t r a i n  motor g r a i n  des ign  w a s  generated t h a t  

would i n s u r e  (1) t h a t  s h e a r  stress would not  b e  a cause of bond o r  p r o p e l l a n t  

f a i l u r e  and thus  cloud the i n t e r p r e t a t i o n  of f a i l u r e  d a t a ,  and (2) t h a t  t h e  t h r e e  

s t r a i n  levels s e l e c t e d  f o r  t h e  test  program would on p r o j e c t i o n  provide  f o r  a h igh  

strain level at which f a i l u r e  should occur ,  a level a t  which f a i l u r e  would b e  

probable ,  and f i n a l l y  a low s t r a i n  level  a t  which t h e  chance of s u c c e s s f u l  h e a t  

s t e r i l i z a t i o n  would be  h igh .  

I n  t h e  proposed program s t r a i n  levels of 3 ,  6 and 9% w e r e  a r b i t r a r i l y  

s e l e c t e d  as having a p r o b a b i l i t y  of meeting t h e  above requirements .  

motors s e l e c t e d  f o r  t h e  s tudy  w e r e  35.6 cm (14 i n . )  l eng ths  of hluminum rocket  

motor cas ings .  These aluminum motor cases have an i n s i d e  diameter of 6.668 cm 

(2.625 i n . )  and an  o u t s i d e  diameter  of 6.985 cm (2.75 i n . ) .  

The s t r a i n  

Because of schedul ing problems t h e  s t r a i n  cy l inde r s  w e r e  cast us ing  t h e  

a r b i t r a r i l y  s e l e c t e d  s t r a i n  levels. It w a s  planned t h a t  stress a n a l y s i s  

(which w a s  lagging behind schedule)  should i n d i c a t e  t h e s e  s t r a i n  levels t o  b e  

too  severe t h e  bo re  would b e  machined i n  accordance wi th  t h e  f ind ings .  

s t r a i n  cy l inde r s  and 22 double p l a t e  t e n s i l e  specimens w e r e  cast from f i v e  

5000g p r o p e l l a n t  ba tches .  

Nine 
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The core release previously selected and used in casting these grains 

was a Teflon release applied by a spray technique. This release system 

was selected on the basis of experience with other propellants where, in 

most instances, it performed well. Tests to select a core release system 

were not included in the demonstration program plan. The selected release 

was a particularly unfortunate choice for the current program because the 

cores are inserted through a guide into the freshly cast grain. The poor 

adhesion of this Teflon to the core makes it possible to scrape off portions 

of the release during core insertion. 

that the Teflon MS-122 release gives inconsistent results in releasing ANB-3289-2 

propellant. 

Subsequent tests have also revealed 

Examination of the grains showed that some propellant had adhered to the 

aluminum cores in longitudinal patches and had torn loose from the surface of 

the grains. 

where the stress would be highest on cooldown (the cores are held rigidly 

in place during cure and cooldown by fixed plexiglass end caps), 

of the grains revealed that the cracks continued all the way to the liner 

interface. The cracks did not extend to the ends of the grain. It was 

concluded that cracking resulted from very high stress concentrations induced 

at the discontinuity produced by the bonding of propellant to the core. 

Longitudinal cracking occurred at the edges of the torn areas 

Machining 

Simultaneously, completion of stress analysis for the cylinders indicated 

that the length over diameter ratios for the strain cylinders selected were 

unrealistic as related to full-scale motors. 

selected exceeded the capabilities of the propellant liner system. Therefore 

the motor length and grain configuration were modified to be consistent with 

the recommendations of the stress analyst and a new set of motors cast using 

The bore diameters arbitrarily 
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a core  release found i n  subsequent experiments t o  perform s a t i s f a c t o r i l y .  

The r e s u l t s  of t h e  stress ana lyses ,  t h e  s e l e c t e d  f i n a l  g r a i n  des ign ,  techniques 

followed i n  i n s u l a t i n g ,  l i n i n g ,  c a s t i n g  and cur ing  t h e  g ra ins  and f i n a l l y  t h e  

r e s u l t s  of h e a t  s t e r i l i z a t i o n  t e s t i n g  of t h e  s t r a i n  motors and bond specimens 

are descr ibed  i n  t h e  fol lowing paragraphs.  

Grain S t r e s s  Analysis  on t h e  Or ig ina l  Grain Configurat ion - Completed stress 

ana lyses  assuming no s h i f t  i n  t h e  stress f r e e  temperature  from t h e  57°C (135°F) 

cure  temperature  f o r  t h e  o r i g i n a l  g r a i n  conf igu ra t ion  i n d i c a t e  t h a t  f a i l u r e  

would occur i n  p rope l l an t - to - l ine r  bond because of t h e  high t e n s i l e  stress 

near  t h e  c e n t e r  of t h e  g ra in .  Fu r the r ,  t h e  a n a l y s i s  showed t h a t  on ly  a t  t h e  

3% s t r a i n  level could s u r v i v a l  be  a n t i c i p a t e d ,  This  w a s  t h e  r e s u l t  of t h e  

high E/D.selected and t h e  u n r e a l i s t i c  h igh  web f r a c t i o n ,  The web f r a c t i o n  r equ i r ed  

i n  t h e  cyc l ing  cy l inde r s  t o  produce t h e  d e s i r e d  s t r a i n  levels s i g n i f i c a n t l y  exceeded 

Che web f r a c t i o n  of convent ional  f u l l - s c a l e  motors and t h e r e f o r e  induced a bond 

st8ress l e v e l  s i g n i f i c a n t l y  above t h a t  a n t i c i p a t e d  i n  a f u l l - s c a l e  motor design.  

For example, , the 1000 min. bond stress f o r  t h e  smallest bore  w a s  c a l c u l a t e d  t o  b e  

62N/cm 2 (90 p s i )  w i t h  a p r o p e l l a n t / l i n e r  bond a l lowable  of only 26N/cm 2 

(35 p s i ) .  * 
This  c a l c u l a t i o n  assumed' a stress f r e e  temperature  of 57OC (135'F) 

(cure  temperature)  and t h a t  no change i n  stress f r e e  temperature would occur. 

Although i t w a s  expected from t h e  work done t o  d a t e  on t h i s  h ighly  s t a b l e  

p rope l l an t  and bonding system t h a t  t h e  s h i f t  would be  s m a l l ,  (a few degrees/cycle.) 

t h e  assumption of no s h i f t w a s  u n r e a l i s t i c .  It w a s  considered s a f e r  t o  assume 

a r e l a t i v e l y  l a r g e  s h i f t  i n  stress f r e e  temperature  t o  i n s u r e  a margin of s a f e t y  

and thus  provide a reasonably conserva t ive  des ign ,  

* GraEn dimensions l eng th  33 cm. (13 i n ) ,  bore  diameter  1 , 3 7 7  cm (0,542 i n ) ,  
g r a i n  end conf igu ra t ion  30" t a p e r  measured from l o n g i t u d i n a l  a x i s .  
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Motor and Grain Design Changes - To provide  a more realist ic length-to- 

diameter r a t i o  t h e  l eng th  of t h e  s t r a i n  cy l inde r s  w a s  reduced by 50%. 

change provided a s t r a i n  cy l inde r  w i t h  a p r o p e l l a n t  g r a i n  15.25 cm (6 inches)  

i n  l eng th  r a t h e r  t han  33 cm (13 inches)  as previous ly  cast, reducing t h e  l / d  

r a t i o  from 4.7 t o  2.17. 

This  

Stress a n a l y s i s  of t h e  shor tened  motor assuming a s h i f t  i n  stress f r e e  

temperature during h e a t  s t e r i l i z a t i o n  from t h e  57°C (135°F) cure  temperature  

t o  a va lue  of 93°C (200°F) ind ica t ed  t h a t  a more real is t ic  s e l e c t i o n  of 

s t r a i n  levels would b e  2,  4 ,  and 6% s t r a i n  va lues .  

A 30" t a p e r  measured from t h e  l o n g i t u d i n a l  a x i s  of t h e  motor is  

recommended f o r  t h e  g r a i n  end conf igu ra t ion  t o  d u p l i c a t e  t h e  low shear  stress 

of t h e  f u l l - s c a l e  motor. The shear  stress c a l c u l a t e d  f o r  t h e  4% s t r a i n  level  

2 is  0.94 N / c m  (1.36 p s i )  a t  135°C (275°F).  

The requi red  bo re  diameters  t o  achieve  t h e s e  

t h e  a n t i c i p a t e d  t e n s i l e  bond stresses f o r  a t i m e  of 

ambient a f t e r  completion of h e a t  s t e r i l i z a t i o n ,  are 

s t r a i n  levels ,  as w e l l  as 

10 h r s  and 6 months a t  

shown i n  F igure  29. The 

i n i t i a l  s t r a i n s  a n t i c i p a t e d  f o r  t h e s e  bore  diameters  are shown f o r  comparison 

purposes.  P r o p e l l a n t  a l lowables  are included t o  i n d i c a t e  t h e  p red ic t ed  margins 

of s a f e t y  and p o s s i b l e  f a i l u r e  modes. 

series of motors i n  which f a i l u r e  would be  a n t i c i p a t e d  f o r  t h e  h ighes t  s t r a i n  

level,  t h e  middle s t r a i n  level  should b e  marginal  and t h e  lowest  level should 

provide a f a i r l y  l a r g e  margin of s a f e t y .  The c a l c u l a t i o n s  showed t h a t  i f  no 

s h i f t  i n  stress f r e e  temperature  occurs ,  a l l  s t r a i n  levels would su rv ive .  

There should be  no d i f f i c u l t y  i n  providing a f u l l - s c a l e  motor g r a i n  des ign  

compatible wi th  t h e  lowest  s t r a i n  l e v e l  included i n  t h e  test  program. 

These s e l e c t e d  s t r a i n  levels provided a 
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S t r a i n  Cylinder  I n s u l a t i o n  and Lining - Nine, one-half l eng th  7 cm (2.75 i n )  

diameter motor cases were sandblas ted  and then coated i n t e r n a l l y  wi th  FM-47 

m e t a l  primer.  They w e r e  t hen  i n s u l a t e d  wi th  1.52 mm (60 m i l )  GenGard V-4030 

i n s u l a t i o n  (unvulcanized) using Chemlok 220 adhesive.  Cure and vu lcan iza t ion  

w a s  conducted a t  149°C (300°F) us ing  vacuum bagging and an au toc lave  p res su re  

of 103.5 N/cm2 (150 p s i )  e 

process  t o  e s s e n t i a l l y  e l i m i n a t e  t h e  s e a m  l i n e .  The i n s u l a t e d  cy l inde r s  w e r e  

The i n s u l a t i o n  flowed s u f f i c i e n t l y  during t h e  bonding 

trimmed a t  each end t o  f i t  t h e  p r o p e l l a n t  ca s t ing  t o o l i n g  and t h e  i n t e r i o r  

s u r f a c e  sanded, and baked 24 h r .  a t  149°C (300°F). 

Af t e r  t h e  f i r s t  motor l i n i n g  and c a s t i n g  and unsuccessful  core  

s t r i p p i n g  t h e  p r o p e l l a n t  and l i n e r  w a s  removed from f i v e  of t h e  motors l eav ing  

only t h e  i n s u l a t i o n .  These motors were c u t  i n  two t o  provide 10, 17.8 c m  

(7 i n , )  motors. 

Nine of t h e  motors were set a s i d e  f o r  t he  c a s t i n g  of case bonded 

s t r a i n  motors. The i n s u l a t i o n  i n  t h e  t e n t h  motor w a s  modified t o  provide 

a stress r e l i e v e d  design back-up system. The i n s u l a t i o n  i n  t h i s  cy l inde r  w a s  

l a i d  up i n  t h r e e  l a y e r s .  

bonded t o  t h e  motor case wi th  Chemlok 220 adhesive.  The middle i n s u l a t i o n  l a y e r  

w a s  s t r i p  bonded t o  both  t h e  ou te r  and i n n e r  i n s u l a t i o n  l a y e r s  i n  a l t e r n a t i n g  

bands as shown i n  F igure  30, The layed up w a s  sanded, cleaned and 

then given t h e  s a m e  149°C (300°F) h e a t  t rea tment  used wi th  t h e  stress designed 

cy l inde r s  t o  i n s u r e  removal of a l l  migratory spec ies .  

The ou te r  l a y e r  ( the  o r i g i n a l  i n s u l a t i o n )  w a s  

A l l  t e n  cy l inde r s  w i th in  72 h r s ,  of p r o p e l l a n t  cast w e r e  l i n e d  wi th  

SD-886 l i n e r ,  t h e  l i n e r  cured f o r  48 h r s .  a t  43°C (110°F) and then  baked a t  

149°C (300°F) f o r  12-24 h r s ,  t o  remove a l l  c a t a l y s t  and any v o l a t i l e  components, 
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P rope l l an t  Cast and Cure - The t e n  s t r a i n  motors w e r e  cast from two 4.54kg 

(10 l b )  ba tches  of ANB-3289-2 p r o p e l l a n t  ad jus t ed  t o  a modulus of 1380 N/cm 

(2000 p s i )  (43 equ iva len t s  of t r imethylopropane) .  The p rope l l an t  w a s  mixed 

and cast a t  63 t o  66°C (145 t o  150°F) t o  ensure  good flow c h a r a c t e r i s t i c s .  The 

program requ i r ed  p u r i f i c a t i o n  of a d d i t i o n a l  Telagen-S polymer i n  o rde r  t o  

provide s u f f i c i e n t  p r o p e l l a n t  f o r  t h e  motor cas t ing .  

2 

The c a s t i n g  technique employed w a s  designed t o  prevent  any f o l d i n g  of 

p rope l l an t  t o  e n t r a i n  a i r ,  

us ing  a diaphragm t o  d i s p l a c e  t h e  p r o p e l l a n t  w i th  vacuum on the  motor t o  

draw t h e  p r o p e l l a n t  i n t o  t h e  motor and t o  degass t h e  l i n e r  s u r f a c e ,  A diagram 

of t h e  c a s t i n g  assembly i s  shown i n  F igure  31. P rope l l an t  w a s  drawn up i n t o  

t h e  vacuum b e l l  t o  remove any s u r f a c e  bubbles  from t h e  motor and t h e  

aluminum core  i n s e r t e d  immediately a f t e r  breaking vacuum, 

were cast wi th  e s s e n t i a l l y  no c o l l a p s e  on breaking vacuum, i n d i c a t i n g  l i t t l e  

a i r  entrapment.  I n  a few i n s t a n c e s ,  however, gas  l e a k s  a t  t h e  f a c e  of t h e  

cy l inde r s  caused some a i r  t o  rise through t h e  p r o p e l l a n t ,  

v i s c o s i t y  of t h e  p r o p e l l a n t  a t  t h e  66°C (150°F) c a s t i n g  temperature ,  i t  i s  

be l ieved ,  a ided  degassing i n  t h e s e  cases. 

The c y l i n d e r s  w e r e  bottom cast from t h e  mixing po t  

Most of t h e  cy l inde r s  

The very  low 

To i n s u r e  t h a t  t h e  co res  r e l eased  p rope r ly ,  4-92, a baked-on, tough 

polymeric s i l i c o n e  release agent  which has  been found t o  release s a t i s f a c t o r i l y  

from ANB-3289-2 p r o p e l l a n t  w a s  used. A s  a d d i t i o n a l  insurance  of release 

t h e  4-92 coated cores  w e r e  wiped wi th  DC-11  s i l i c o n e  release j u s t  p r i o r  t o  

i n s e r t i o n .  This  t rea tment  has  been b e n e f i c i a l ,  To e l i m i n a t e  t h e  danger of 

sc rap ing  o f f  any of t h e  release agent  t h e  opening i n  t h e  cover p l a t e  w a s  

enlarged and chamfered s o  t h a t  no abrading of t h e  release agent  could occur ,  
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The cast grains were cured at 57°C (135°F) for 2 weeks and after cure 

machined to the final end configuration and to the proper bore diameter and end 

configuration. 

Strain Cylinder Sterilization - Thermal diffusivity data indicate 
soak at 135°C (275°F) is adequate to insure, for the motor sizes involved, 

that a 55 hr 

a minimum of 53 hrs at sterilization temperature, The heat-up and cool-down 

program for each heat sterilization cycle was selected in an attempt to minimize 

transient bond stresses. The heat-up program was as follows: 

1. The grains after measurement and tap testing at 25°C (77°F) were 

placed in an air circulated 57°C (135°F) oven and allowed to soak for 18 

hours. 
(4 f 

2. After this equilibration the strain motors weee then transferred 

to the 135°C (275'F) air circulated oven for heat sterilization. 

This program was selected because the motor case heats more rapidly than 

Expansion of the case away from the grain increases the bond the propellant. 

stress and by initially heating to 57°C (135°F) (the initial stress free 

temperature) this increased stress is imposed under temperature conditions 

at which the propellant and bond strengths remain reasonably high. 

heat-up, 57-135°C (135-275°F) is then conducted under conditions where the 

grain should be unher compression. 

Final 

The cool-down procedure followed was to shut off the 135°C (275°F) 

oven and allow the oven and contents to cool to about 107°C (225°F) (approximately 

one hour required) and then transfer the grains directly to the 25°C (77°F) 

air circulated oven for equilibration prior to bore measurement. 

would tend to keep the grains under compression during the bulk of the temperature 

drop and minimize bond stresses. 

Rapid cool-down 
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A plot of the temperature time history experienced by the motors is shown 

in Figure 32. 

the liner to be somewhat uneven and the presence of low density areas in the 

liner. 

This is not uncommon in SD-886 liner, The propellant grains were also found 

to contain a few voids. The void count for the various motors were as follows: 

Results of X-ray exmaination of the nine stressed motors indicated 

These low density areas may represent foamy or void containing liner. 

Motor No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Propellant Voids 

6 to 0 . 3 2  cm 

1 - 0.56 cm 

2 to 0.46 cm 

3 to 0 . 3 2  cm 

7 to 0 . 8 3  cm 

6 to 0.32 cm 

3 to 1.27 cm 

4 to 0.70 cm 

1 - 0.89  cm 

A s  expected the cylinder prepared with the stress relieved insulation 

after the first cycle measured na strain after six heat cycles as shown in 

Figure 33. Radiographic examination of this grain after three and six 

cycles showed the insulation propellant bond line to be free of any separations 

and the propellant to be in excellent condition, 

examination appeared unchanged by the sterilization treatment, 

The grain itself on visual 
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The case bonded s t r e s s e d  g r a i n s  show a cons iderable  v a r i a t i o n  i n  t h e  

i n i t i a l  s t r a i n  c a l c u l a t e d  from bore  measurements, and assuming an i n i t i a l  stress- 

f r e e  temperature  of 57°C (135°F) t h i s  v a r i a t i o n  probably r e f l e c t s  v a r i a t i o n s  

i n  th i ckness  of t h e  hand t rowel led  l i n e r .  Motors numbered 1, 2 and 3,  represen- 

t i n g  t h e  h ighes t  s t r a i n  level,  f a i l e d  e a r l y  i n  t h e  s t e r i l i z a t i o n  program. I n  

f a c t ,  t h e  drop of f  i n  c a l c u l a t e d  s t r a i n  probably ind ica t ed  i n i t i a t i o n  of some 

microscopic  f r a c t u r e .  S i m i l a r ,  though less seve re  change is  apparent  i n  g r a i n s  

numbered 7 and 8 which developed v i s u a l  c racks  a t  t h e  inne r  bore  s u r f a c e  a f t e r  

2 and 3 hea t ing  cy lces ,  r e s p e c t i v e l y .  

Of t h e  g r a i n s  prepared w i t h  the  lowest  s t r a i n  l e v e l  t h i s  drop i n  calcu- 

l a t e d  s t r a i n  d i d  n o t  occur and one g r a i n  (116) remained i n  e x c e l l e n t  condi t ion  

a f t e r  the f u l l  s i x  h e a t  s t e r i l i z a t i o n  cyc le s  as i n d i c a t e d  by v i s u a l  and X-ray 

examination. 

crack i n  t h e  i n n e r  bo re  s u r f a c e  a t  the  midpoint .  The t h i r d  of t h e s e  g r a i n s  showed 

a s m a l l  c rack  i n i t i a t i n g  a t  a bore  imperfec t ion  (a l a r g e  vo id  a t  t h e  bore  s u r f a c e  

near  one end) a f t e r  two cyc le s  as shown i n  Figure 34. 

l o n g i t u d i n a l l y  i n  o rde r  t o  examine the  propellant/liner/insulation i n t e r f a c e  a f t e r  

an a d d i t i o n a l  cycle .  The bond l i n e  w a s  shown t o  be i n  e x c e l l e n t  condi t ion  and 

t h e  p r o p e l l a n t  and l i n e r  showed no evidence of any change i n  phys i ca l  p r o p e r t i e s .  

A second g r a i n  ( f 4 )  surv ived  f i v e  h e a t  cyc le s  be fo re  developing a 

This  g r a i n  (1'15) w a s  b i s e c t e d  

A l l  f a i l u r e s  occurred i n  s t r a i n ,  occur r ing  as l o n g i t u d i n a l  c racks  a t  t h e  

bore ,  t h e r e  w a s  no i n d i c a t i o n  of any f a i l u r e  i n  bond t e n s i l e .  This  f ind ing  is  

p a r t i c u l a r l y  s i g n i f i c a n t  because improvements i n  s t r a i n  c a p a b i l i t y  can b e  achieved 

by a s l i g h t  lowering i n  t h e  t o t a l  s o l i d s  of t h e  p r o p e l l a n t  and/or by reducing t h e  

modulus t o  a va lue  c l o s e r  t o  the 1173 N / c m  

adequate i n  prevent ing  t h e  development of p r o p e l l a n t  p o r o s i t y .  

2 (1700 p s i )  p rev ious ly  found t o  b e  
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PHOTOGRAPH OF STRAIN MOTOR BISECTED AFTER THWE 
HEAT STERILIZATION CYCLES 

(Surface vo id  which i n i t i a t e d  f a i l u r e  i n  s t ra in  v i s i b l e  i n  upper l e f t  hand corner )  
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It is interesting to note that the anticipated changes in bore 

diameter which would reflect an increase in calculated strain with successive 

heat sterilization cycles did not occur. This does not mean that significant 

changes in strain did not occur. The motor failures which occurred can not 

be attributed to severe degradation in propellant mechanical properties as 

it has already been shown that ANB-3289-2 propellant undergoes little change 

in tensile properties with heat sterilization (Figure 5). 

Mechanisms which could offset a change in bore diameter are internal 

fracturing and or gassing of the propellant. 

reported in Appendix A and the visual examination of bisected sterilized 

grains and X-ray examination of the surviving motors show that at the selected 

crosslink density, porosity does not develop. 

is that significant changes in stress free temperature did occur and that 

bore measurements alone, using a conventional stress analysis, are inadequate 

to detect these changes. That this is possible is apparent if one 

considers the actual changes which occur during a shift in stress free temperature 

Again preliminary studies 

The only conclusion that remains 

The significance of stress-free temperature changes is best seen in 

some simple considerations of an infinitely long cylindrical grain (where there 

are no end-effects). 

to some temperature T. The inner-bore hoop strain, E is simply related 

to the stress-free temperature T 

The grain is fully case-bonded and subjected to cooling 

8’ 

and to T by the following’relation sf’ 

E = K (Tsf - T) e 

where K is a collection of constant terms, including those for geometry, 
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Boisson 's  r a t i o  and t h e  c o e f f i c i e n t  of thermal  expansion. 

The s t r e s s - f r e e  temperature  w i l l  change wi th  changes i n  t h e  chemical 

c ros s l ink ing  i n  t h e  p r o p e l l a n t  b inder .  Thus changes i n  w i l l  occur as def ined  

i n  Equation ( 1 ) .  

However, s i m p l e  observa t ions  of t h e  g r a i n  do no t  show those  s t r a i n  

changes which are a c t u a l l y  occurr ing .  To understand t h i s  cons ider  some dimensional 

measurements of t h e  bore  diameter  which is r e l a t e d  t o  E by t h e  fol lowing:  e 

- Dsf 

Dsf 
: 

where D i s  t h e  bo re  diameter a t  t h e  temperature  T .  

s f  * Dsf i s  t h e  bo re  diameter  a t  T 

An eva lua t ion  of Equation (2) shows t h a t  D must be known be fo re  E can s f  8 

which r e q u i r e s  a s e p a r a t e  eval-  be  c a l c u l a t e d .  

ua t ion .  

a t  25°C (77'F). A t  t h e  cu re  temperature  of t h e  p r o p e l l a n t ,  assumed t o  be t h e  

But Dsf must be measured a t  T s f '  

To i l l u s t r a t e  t h i s  consider  t h e  bore  dgameter, D ,  t o  equa l  5-.08 cm (2 i n . )  K I r r  

i n i t i a l  va lue  of Ts f ,  Dsf = 4.93 cm (1.94 i n . ) .  This  g ives  

5.08 - 4.93 = 0,031 
E e= - 4.93 

Af te r  s t e r i l i z a t i o n  of the p r o p e l l a n t  a t  h i g h t e m p e r a t u r e s ,  we will assme 

t h e  s t r e s s - f r e e  temperature  t o  have inc reased  t o  93°C (200°F) where we  measure 

Dsf t o  be 4.78 cm (1.88 i n e ) *  Thus, E 0  becomes 

These two c a l c u l a t i o n s  show t h a t  E may d i f f e r  by a l a r g e  facGor ( g r e a t e r  

than 2 i n  t h i s  i n s t ance )  wh i l e  t h e  observed bore d iameter ,  D ,  remains unchanged. 

8 
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The evaluation of changes in T requires stress measurement as sf 

described in Appendix B .  

Measurements of the bond tensile and shear strengths of the double 

plate tensile specimens stored with the grains are presented in Figure 3 5 .  

Although some difficulty occurred in specimen preparation (many of the DPT's 

exhibited poor bonds between insulation and the metal plates used in specimen 

preparation) the bond values reflect the same excellent bond strength and 

bond stability previously exhibited by the insulation/liner/propellant system. 

Details of the equipment used in the heat sterilization tests as well as the 

actual bore measurement locations are presented in Appendix C. 
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CONCLUSIONS 

The fol lowing conclusions are drawn from t h e  r e s u l t s  of t h e  h e a t  

s t e r i l i z a t i o n  tests. 

A. The f e a s i b i l i t y  of thermally s t e r i l i z i n g  s o l i d  rocke t  motors has  been 

conclusively demonstrated by t h e  s u c c e s s f u l  h e a t  s t e r i l i z a t i o n  of bo th  a low 

s t r a i n ,  case bonded motor and a stress r e l i e v e d  g r a i n  design.  The e x c e l l e n t  

condi t ion  of t h e  i n d i v i d u a l  components, p r o p e l l a n t ,  l i n e r ,  i n s u l a t i o n ,  and t h e  

i n t e r f a c e s  between t h e s e  components at tests t o  t h e i r  e x c e l l e n t  thermal  s t a b i l i t y  

and freedom from degrada t ive  i n t e r a c t i o n .  

,4. 

These r e s u l t s  prove t h e  v a l i d i t y  of t h e  approach taken i n  t h e  development 

and s e l e c t i o n  of t h e s e  components and confirm t h e  importance of minimum chemical 

i n t e r a c t i o n  between components during h e a t  s t e r i l i z a t i o n .  S p e c i f i c a l l y ,  t h e  

r e s u l t s  confirm t h e  hypothes is  t h a t  t h e  c r i t i ca l  f a c t o r s  necessary f o r  s u c c e s s f u l  

h e a t  s t e r i l i z a t i o n  are, 

1. S t a b i l i z a t i o n  of the o x i d i z e r .  

2. S e l e c t i o n  of a thermally and ox ida t ive ly  s t a b l e  b inder  w i t h  a h igh  

c r o s s l i n k  d e n s i t y ,  f r e e  of migratory s p e c i e s  o r  catalysts t h a t  can c o n t r i b u t e  

t o  degrada t ion  a t  component i n t e r f a c e s .  

3 .  S e l e c t i o n  of a thermally s t a b l e  l i n e r  w i t h  good h igh  temperature  

p r o p e r t i e s ,  f r e e  of migratory spec ie s  and c a t a l y s t s  which can c o n t r i b u t e  t o  

degradat ion a t  bond i n t e r f a c e s .  

4 .  S e l e c t i o n  of a thermally and ox ida t ive ly  s t a b l e  i n s u l a t i o n  f r e e  of 

reactive migratory s p e c i e s .  

5. S e l e c t i o n  of processing techniques that minimize c a s t i n g  d e f e c t  

sites e 

-71- 



Aeroj e t  So l id  Propuls ion  Company 

These tests i n d i c a t e  t h a t  a case bonded motor us ing  t h e  i n s u l a t i o n  

l i n e r  and p rope l l an t  s e l e c t e d  and experiencing an  i n i t i a l  maximum s t r a i n  of one 

percent  w i l l  su rv ive  h e a t  s t e r i l i z a t i o n .  This  s u r v i v a l  i s  p red ica t ed ,  of course ,  

on a h e a t  cyc le  which w i l l  n o t  induce t r a n s i e n t  s t r a i n s  g r e a t e r  than  those  

experienced i n  the demonstration program. The importance of th is  last  s ta tement ,  

p a r t i c u l a r l y  as i t  a p p l i e s  t o  l a r g e r  motors w i th  g r e a t e r  web th i cknesses ,  w i l l  b e  

d iscussed  i n  t h e  next  s e c t i o n  of t h e  r e p o r t  (Recommendations). 

B. Contrary t o  p r e d i c t i o n s  made from equi l ibr ium stress c a l c u l a t i o n s ,  a l l  

f a i l u r e s  occurred i n  s t r a i n  r a t h e r  than  bond stress as ind ica t ed  by l o n g i t u d i n a l  

cracks i n i t i a t i n g  at t h e  i n n e r  bo re  s u r f a c e .  The c o n t r i b u t i o n  of p r o p e l l a n t  

ca s t ing  voids  t o  f a i l u r e  is q u i t e  apparent .  I n  f a c t ,  a void  loca ted  a t  t h e  sur -  

f a c e  near  t h e  f o r e  end-af  t h e  g r a i n  (an area of lower s t r a i n  than  t h e  midpoint)  

c r ea t ed  a severe l o c a l  stress g rad ien t  i n  g r a i n  No. 5 (a low-s t ra in  case-bonded * .’. 

gra in )  causing premature f a i l u r e  i n  t h i s  motor. 

The i n a b i l i t y  t o  p r e d i c t  t h e  f a i l u r e  mode from equi l ibr ium stress ana lyses  

and t h e  h ighe r  than  p red ic t ed  inc idence  of f a i l u r e s  i n d i c a t e s  t h e  need f o r  a more 

s o p h i s t i c a t e d  a n a l y t i c a l  t rea tment .  Such a n  a n a l y s i s  could inc lude  a determin- 

a t i o n  of t h e  least damaging heat-up and cool-down program. It is  reasonable  t o  

b e l i e v e  t h a t  t h e  hea t ing  and cool ing  schedule  followed i n  t h e  motor den-ionstration 

w a s  unduly severe. 

C. The e x c e l l e n t  cond i t ion  of t h e  s t r a i n  motor having t h e  stress r e l i e v i n g  

i n s u l a t i o n  conf igu ra t ion  after h e a t  s t e r i l i z a t i o n  emphasizes the  a t t r a c t i v e n e s s  

of using a des ign  of t h i s  t y p e  i n  f u l l - s c a l e  motors,  Again, t h e  e x c e l l e n t  cond i t ion  

of t h e  components and bond i n t e r f a c e s  w a s  a p r e r e q u i s i t e  t o  g r a i n  and bond 

i n t e g r i t y .  
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RECOMMENDATIONS 

Although t h e  completed program demonstrates t h e  f e a s i b i l i t y  of s t e r i l i z i n g  

rocke t  motors,  by demonstrating t h e  compa t ib i l i t y  of a l l  t h e  components t o  h e a t  

s t e r i l i z a t i o n  under cond i t ions  of imposed stress and s t r a i n ,  t h e  small-scale of 

t h e  s t r a i n  motors makes it impera t ive  t h a t  t h e s e  r e s u l t s  b e  confirmed on a more 

real is t ic  scale. T h i s  demonstrat ion should b e  conducted i n  o p e r a t i o n a l  scale 

motors w i t h  real is t ic  web th icknesses  and p r a c t i c a l  g r a i n  designs culminat ing i n  

confirmation of success  i n  motor f i r i n g s .  

s t r a t i o n  motors should be  s e l e c t e d  on t h e  b a s i s  of a more s o p h i s t i c a t e d  stress 

a n a l y s i s  t han  t h a t  employed i n  t h e  subsca le  tests. It would be  p a r t i c u l a r l y  

d e s i r a b l e  t o  test  bo th  convent ional  case bonded and stress r e l i e v e d  des igns .  

The g r a i n  des ign  f o r  t h e s e  demon- 

Two conclusions drawn from t h e  subsca le  demonstrat ion are of p a r t i c u l a r  

importance when cons ider ing  scale-up t o  l a r g e r  webs. The f i r s t  of t h e s e  is  t h e  

i n a b i l i t y  of t h e  stress a n a l y s i s  used t o  adequately p r e d i c t  t h e  f a i l u r e  mode and 

t h e  imp l i ca t ion  t h a t  h igh  t r a n s i e n t  s t r a i n s  induced during heat up and coo l  down 

w e r e  r e spons ib l e  f o r  t h e  h ighe r  inc idence  of s t r a i n  f a i l u r e  than  p red ic t ed .  The 

i n c r e a s e  i n  web th ickness  on scale-up and the more severe stress g r a d i e n t s  which 

would thus  b e  imposed would magnify t h e  t r a n s i e n t  s t r a i n  problem. 

stress a n a l y s i s  must a l s o  b e  addressed t o  the s e l e c t i o n  of the least damaging 

hea t ing  and cool ing schedule  t o  minimize t h i s  e f f e c t .  The f a c t  t h a t  t h e  s t r a i n  

c a p a b i l i t y  of t h e  p r o p e l l a n t  r a t h e r  t han  bond s t r e n g t h  t o  t h e  i n s u l a t i o n  w a s  t h e  

l i m i t i n g  f a c t o r  would sugges t  a change i n  p rope l l an t  s o l i d s  loading  i n  o rde r  t o  

provide g r e a t e r  s t r a i n  c a p a b i l i t y .  

Thus, t h e  

Another important  f a c t o r  i n  improving t h e  s t r a i n  c a p a b i l i t y  i n  f u l l - s c a l e  

motors i s  t o  e l i m i n a t e  d e f e c t  sites. The h igh  inc idence  of cas t ing  voids  i n  t h e  

subsca le  s t r a i n  motors con t r ibu ted  s i g n i f i c a n t l y  t o  t h e  inc idence  of f a i l u r e .  
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Prel iminary process ing  s t u d i e s  t o  i n s u r e  t h a t  such d e f e c t s  are minimized should 

be  an important  p a r t  of t h e  scale-up program. 

I f  t h e s e  recommendations are followed and t h e  g r a i n  des ign  i s  l i m i t e d  t o  

a very  low s t r a i n  requirement ,  a s u c c e s s f u l  scale-up w i l l  be  in su red .  

To provide a low s t r a i n  design many special techniques can be considered 

inc luding  t h e  use  of t a p e r ,  boo t s ,  s p o t  o r  s t r i p  bonding o r  a stress r e l i e v e d  

i n s u l a t i o n  system such as t h e  one used i n  t h e  subsca le  tests. I n  a d d i t i o n ,  

techniques such as p r e s s u r e  cur ing  can be considered which when used wi th  t h e  

proper case materials lowers t h e  s t r e s s - f r e e  temperature .  A l l  of t h e s e  techniques 

should be  considered during t h e  des ign  phase of t h e  scale-up s tudy .  
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GLOSSARY OF TERMS AND SYMBOLS 

Chemlok 220 A rubber t o  m e t a l  adhesive manufactured by Hughson 
Chemical Company 

Chemlok 203 A m e t a l  primer f o r  use  wi th  Chemlok 220 

Chemlok 205 A m e t a l  primer f o r  use wi th  Chemlok 220 

DARCO S-51RL An a c t i v a t e d  carbon b lack  manufactured by A t l a s  Chemical 
I n d u s t r i e s  

DC-11  A s i l i c o n e  grease  manufactured by Dow Corning 

Dimeryl Diisocyanate  A hindered i socyanate  cur ing  agent  manufactured 
by Quaker Oats Company 

DPT Double p l a t e  t e n s i l e  specimens, r ec t angu la r  i n  
c r o s s  s e c t i o n  

DTA D i f f e r e n t i a l  thermal  a n a l y s i s  

Fn-4 7 Vinyl  phenol ic  s t r u c t u r a l  adhesive 

GenGard V-45 A n i t r i l e  b u t y l  rubber  i n s u l a t i o n  manufactured by 
General T i r e  Company 

GenGard V-4030 An e thylene  propylene rubber i n s u l a t i o n  manufactured 
by General T i r e  Company 

HSMP 

S 
I 

High speed Mikropulver izer  g r ind  ox id ize r ,  average 
p a r t i c l e  s i z e  3011 

S p e c i f i c  Impulse 

R-92 S i l i c o n e  release manufacturing by Dow Corning 

SD-850 I n s u l a t i o n  A c a s t a b l e ,  t rowelable  i n s u l a t i o n  manufactured by 
Aeroj e t  So l id  Propuls ion Company 

T e l a g  en- S Secondary hydroxyl terminated s a t u r a t e d  polybutadiene 
polymer manufactured by General T i re  Company. 

TMP T r i m e  thy l o  l p  rop ane 
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GLOSSARY OF TERMS AND SYMBOLS (cont , )  

Maximum stress 

Stress a t  f a i l u r e  

S t r a i n  a t  maximum stress 

S t r a i n  a t  f a i l u r e  

Instantaneous modulus 
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APPENDIX A 

Oxidizer Stability - The instability of standard as-received ammonium perchlorate 

at high temperature has been well established, (3 )  

work has been done with AP yet no single theory of AP decomposition has been 

developed which is acceptable to all workers in the field. Part of the reason 

for this is the complexity which results from the fact that the material 

decomposes by two different paths both of which are accompanied by sublimation. 

There is one mode of decomposition which occurs at relatively high temperatures 

(~300OC). 

does not occur at the temperatures of interest in the current program, 

The mode of decomposition that is of most interest to the current 

A great deal of experimental 

This path for AP decomposition will not be discussed here as it 

program is that generally referred to as the low temperature CL.T,)- 

decomposition, This is the decomposition which predominates at temperatures 

up to 300°C and which consumes 30% of the AP (after which time it ceases 

or continues at a very much reduced rate). 

have concerned themselves with this mode of decomposition however, ironically, 

it is the area of least consensus among the investigators, 

Most AP decomposition studies 

Two processes occur in the low temperature regime, they are (a) sublimation 

and (b) slow decomposition. The sublimation process occurs by a dissociative 

evaporation process; there is no evidence for gaseous NH C10 molecules. 

Both of these processes are stopped by NH pressure and both appear to be 

predominantly surface phenomena, 

to have a significant effect on the rates. Thus finally divided oxidizer 

will appear less stable. 

4 4  

3 
The surface area therefore can be expected 
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There is evidence t h a t  low temperature  decomposition i s  ca ta lyzed  by 

decomposition products  and i m p u r i t i e s  and both  L. T .  Decomposition and 

subl imat ion  produce products  which ox id ize  t h e  organic  s p e c i e s  of t h e  b inder .  

A e r o j e t ' s  approach t o  o x i d i z e r  s t a b i l i z a t i o n  w a s  based on understanding and 

c o n t r o l l i n g  t h e s e  f a c t o r s .  

Although subsequent s t u d i e s  a t  Aero je t  have l e d  t o  t h e  development of f a r  

more e f f e c t i v e  s t a b i l i z e r s ,  t h e  work wi th  ANB-3289-2 p r o p e l l a n t  i n d i c a t e d  t h a t  

p u r i f i c a t i o n  followed by t rea tment  w i th  FC-169 provided adequate s t a b i l i z a t i o n  

t o  m e e t  t h e  h e a t  s t e r i l i z a t i o n  requirement .  

Binder S t a b i l i t y  - Fur the r  evidence of t h e  importance of ox id i ze r  s t a b i l i z a t i o n  on 

p r o p e l l a n t  thermal  s t a b i l i t y  is shown by t h e  e f f e c t  of 135OC (275OF) h e a t  

s t e r i l i z a t i o n  i n  a i r  on t h e  Shore hardness  and weight l o s s  of 2.5 cm 

l a n t  cubes of a s t anda rd  s t a t e -o f - the -a r t  p r o p e l l a n t .  A very pronounced ox id ize r -  

b inder  i n t e r a c t i o n  i s  i n d i c a t e d  by t h e  extreme weight l o s s  of 57% i n  200 h r ,  t h a t  

occurred i n  p r o p e l l a n t  prepared wi th  s t anda rd  ammonium p e r c h l o r a t e  and an unsat-  

u r a t e d  hydrocarbon b inder  (F igure  36).  

an extreme case, i s  accompanied by an  i n c r e a s e  of 30 Shore "A" u n i t s  of hardness .  

The weight l o s s ,  which p r imar i ly  r e p r e s e n t s  decomposition of ammonium p e r c h l o r a t e ,  

i s  reduced t o  0.2% a f t e r  360 h r  s t o r a g e  ( s i x ,  60-hr cyc le s )  by t h e  u s e  of a 

s a t u r a t e d  hydrocarbon b inde r  which i s  more s t a b l e  t o  ox ida t ion .  

a t t a c k  on t h e  b inde r  may be  i n d i c a t e d  by a Shore "A" hardness  i n c r e a s e  of 10 u n i t s .  

The use  of s t a b i l i z e d  ammonium p e r c h l o r a t e  w2th t h e  s a t u r a t e d  b inder  produces t h e  

same weight l o s s  and e l imina te s  t h e  change i n  Shore "A" hardness .  

of s u r f a c e  hardening by removing o x i d a t i v e  sites ensures  t h a t  t h e  p r o p e l l a n t  may 

be s t e r i l i z e d  i n  air  wi thout  degrada t ion  from air  px ida t ion .  

( 1  i n . )  propel-  

This  s eve re  weight l o s s ,  which may r e p r e s e n t  

A mi ld  o x i d a t i v e  

The e l imina t ion  
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Processing - As shown in the foregoing discussion, valuable infomat 
stability of a formulation can be obtained from screening tests with one-inch 

propellant cubes. 

to the long-term heat sterilization condition, it has been found that a 

stable binder and oxidizer are not the only criteria for the successful high 

temperature performance of a propellant grain. 

defects in the grain is also an absolute necessity. 

only be visible under magnification, and which have no apparent adverse effect 

on specimens stored at a more conventional temperature, e.g., 82°C (180°F), 

were found to enlarge progressively with each successive 135OC heating cycle., 

This behavior, apparently a manifestation of cumulative damage, probably results 

from application of a stress to the propellant at high temperature where its 

strength is low. Chemical changes, of course, may also be occurring at these 

elevated temperatures and cause an acceleration of the damage process. 

Diffusion path length, or web thickness is an important parameter for chemical 

degradation reactions involving gaseous products. Tests with specimens having 

small web thicknesses or short diffusion paths may not be totally indicative 

since gaseous products which may catalyze or promote degradation may escape more 

readily than from thicker webs. 

In tests with 7.6 x 7.6 x 12.7 cm specimens subjected 

Minimization of voids or 

Small defects which may 

The minimization of defects requires modifications in formulation and 

in the conventionally used propellant processing procedures. 

modifications developed to obtain acceptable quality grains have been defined 

for ANB-3289-2 propellant and include 0)  treating the propellant ingredients 

The 
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t o  e l imina te  v o l a t i l e  o r  mobile spec ie s  p r i o r  t o  p rope l l an t  mixing, (2) mixing 

under high vacuum, ( < 3 m  Hg p res su re ) ,  (3) c a s t i n g  w i t h  very e f f i c i e n t  deae ra t ion ,  

( 4 )  use  of a hindered i socyanate  t o  provide  low v i s c o s i t y  and adequate  po t  

l i f e ,  and (5) adjustment of t h e  c r o s s l i n k  dens i ty  t o  provide p r o p e l l a n t  of 

a r e l a t i v e l y  h igh  modulus. 

The importance of low v i s c o s i t y  p r o p e l l a n t  wi th  adequate p o t l i f e  cannot 

be overemphasized. 

f r e e  g r a i n s ,  

i socyanate ,  i n  p l a c e  of such convent ional  i socyanates  as t o l y l e n e  d i i socyana te  

A r a p i d  v i s c o s i t y  build-up prec ludes  t h e  c a s t i n g  of void- 

The use  of dimeryl d i i socyana te  ( D D I ) ,  a s t e r i c a l l y  hindered 

i n  ANB-3289-2 p r o p e l l a n t  provides  a 10 f o l d  i n c r e a s e  i n  pot  l i f e  a t  

150°F (a  change from 0.5 t o  3 t o  6 h r )  wi th  a v i s c o s i t y  a t  3 h r  of 900 N - s e c / m  

(9000 po i se )  and a v i s c o s i t y  a f t e r  6 h r  of 2000 N - s e c / m  (20,000 p o i s e ) .  This  

low v i s c o s i t y  combined wi th  a reasonably long p o t - l i f e  ensures  the  c a p a b i l i t y  

_1_ _ _  

of c a s t i n g  h igh  q u a l i t y  g r a i n s .  

ANB-3289-2 p r o p e l l a n t  was processed us ing  t h e  c r i t i c a l  modi f ica t ions  c i t e d  

and a 7.5 x 7.5 x 12.5 cm c3 by 3 by 5- in . )  block sub jec t ed  t o  six 53-hr 

h e a t  s t e r i l i z a t i o n  cyc le s  a t  135°C (275'F) i n  a i r .  The e f f e c t  of t h i s  h e a t  

t reatment  on t h e  p r o p e l l a n t  mechanical p r o p e r t i e s  i s  shown i n  Figure 37, 
-> " _  
-. 

The s i m i l a r i t y  i n  p r o p e r t i e s  determined on specimens taken from t h e  c e n t e r  and 

s u r f a c e  of t h e  b lock  attests t o  t h e  e x c e l l e n t  o x i d a t i v e  s t a b i l i t y  of t h e  

p rope l l an t  as w e l l  as t h e  absence of chemical and phys ica l  p roper ty  changes i n  

t h e  i n t e r i o r .  The s i g n i f i c a n t  e f f e c t  of increased  c r o s s l i n k  dens i ty  i n  reducing 

t h e  development of p o r o s i t y  from d e f e c t  s i tes i s  shown. Tests \ %  

with  a s i m i l a r  p r o p e l l a n t  n o t  processed i n  s t r i c t  accordance wi th  t h e  above 

procedures showed t h a t  t h e  block developed p o r o s i t y  which increased  i n  degree 

a f t e r  each h e a t  cyc le ,  Po ros i ty  w a s  no t  observed i n  2 ,5  cm cube tests. 
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APPENDIX B 

DETERMINATION OF RELATIVE CHANGES I N  THE 
STRESS-FREE TEMPERATURE 

When a b lock  of p r o p e l l a n t  is exposed t o  h igh  temperatures  f o r  a per iod  

of t i m e  chemical r e a c t i o n s  can t a k e  p l a c e  w i t h i n  t h e  polymeric b inde r .  These 

r e a c t i o n s  l e a d  t o  polymeric cha in  s c i s s i o n s  and chain l inkages .  I f  t h e  block 

of p rope l l an t  i s  mechanically deformed whi l e  a t  a h igh  temperature ,  t h e s e  chemical 

r e a c t i o n s  become very  important .  

chains  are broken, t h e  p r o p e l l a n t  could f low and r e l i e v e  the mechanically imposed 

stresses. 

Now, i f  i n  t h i s  new shape a d d i t i o n a l  chemical r e a c t i o n s  occur t o  c r o s s l i n k  t h e  

polymeric cha ins  then  the new shape could b e  considered t o  b e  permanently es tab-  

l i s h e d .  I n  a c t u a l i t y ,  polymeric chain s c i s s i o n s  and cha in  c ros s l ink ing  t ake  

p l a c e  e s s e n t i a l l y  s imultaneously and i n  vary ing  amounts depending upon t h e  

chemical n a t u r e  of t h e  system. 

For example, i f  a g r e a t  number of polymer 

But,  i n  doing t h i s  the p r o p e l l a n t  b lock  would have changed i ts  shape. 

d-- 
I 

For a case-bonded p r o p e l l a n t  g r a i n  t h e  e f f e c t  is seen  as fo l lows .  The 

p r o p e l l a n t ,  a f t e r  c a s t i n g ,  is  cured a t  some temperature ,  s ay  T . I f  w e  can ignore  

cure  shr inkage  then w e  can say  t h a t  t h e  g r a i n  i s  s t r e s s - f r e e  except f o r  grav i -  

t a t i o n a l  loads .  Thus, T 

because of t h e  cu re  shr inkage  T 

p r o p e l l a n t  is hea ted  t o  some h igher  temperature ,  Th9  t h e  g r a i n  w i l l  change shape 

because of i n t e r a c t i o n s  wi th  t h e  case. I f  t h e  chemical r e a c t i o n s  noted above 

t ake  p l ace ,  t hen  t h e  g r a i n  would t a k e  on t h i s  new shape,  t h e  stresses (non- 

g r a v i t a t i o n a l )  would f a l l  t o  zero  and T 

temperature.  

C 

becomes t h e  s t r e s s - f r e e  temperature ,  Tsf ( i n  a c t u a l i t y ,  
C 

i s  above Tc by a s m a l l  amount) Now, i f  t h e  s f  

would become t h e  new s t r e s s - f r e e  h 

I n  p r a c t i c e ,  t h e  chemical r e a c t i o n s  are n o t  ex tens ive  s o  t h e  change i n  shape 

and changes i n  t h e  s t r e s s - f r e e  temperature  are only p a r t i a l l y  accomplished. 

is ,  t h e  Tsf i n c r e a s e s ,  bu t  no t  t o  T h o  

That 

Also,  a permanent change i n  shape does 

- 83- 



h e  occur ,  b u t  i t  i s  in t e rmed ia t e  between those  observed a t  Tc and a t  T 

To determine where t h e  in t e rmed ia t e  va lue  of T occurs  r e q u i r e s  t h e  

measurements of g r a i n  stresses whi l e  t h e  g r a i n  i s  exposed t o  va r ious  temperatures ,  

s f  

Tsf is  t h a t  temperature  where t h e  thermal  stresses f a l l  t o  zero.  

these measurements on motors are d i f f i c u l t  and expensive t o  run.  

I n  p r a c t i c e ,  

I n  t h e i r  p l a c e  

i t  is  recommended t h a t  w e  eva lua te  changes i n  T 

p r o p e l l a n t  b locks .  

us ing  s imple measurements on s f  

This  test is  e a s i l y  performed and a l lows  a number of v a r i a t i o n s .  A 

bulky specimen i s  recommended. Thus, a specimen, 5 c m  diameter by 12.5 c m  

(2 i n .  x 5 i n )  might be used. Metal p l a t e s  would be  bonded t o  both ends 

and t h e  o v e r a l l  dimensions determined. 

One set  of specimens would b e  s t o r e d  a t  t h e  d e s i r e d  h igh  temperature  

without  load;  w h i l e  a second set of specimens would b e  placed under a 5% ( a r b i t r a r y )  

compression and s t o r e d  a t  the des i r ed  temperature  f o r  the requi red  per iod .  A t  

the end of th is  per iod  t h e  specimens would be  r e tu rned  t o  room temperature  and 

he ld  f o r  a t  least 48 hours f o r  thermal  e q u i l i b r a t i o n .  

A t  t h i s  po in t ,  t h e  two sets of specimens would be  pul led  t o  a 5% ( a r b i t r a r y )  

s t r a i n  (based on t h e  o r i g i n a l  l eng th )  and the  stresses monitored as i n  a 

stress r e l a x a t i o n  test. The two r e l a x a t i o n  curves should appear roughly as shown 

below 

T i m e  
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Afte r  a t i m e  t h e  stress on t h e  uns t r a ined  specimens, cs would b e  g iven  
U’ * 

approximately by 

where E is the s t r a i n  imposed dur ing  t h e  t es t ,  

The stress on t h e  p re - s t r a ined  specimen, CI 
* 

would be  given approximately by 
P’ 

where E is t h e  imposed p r e - s t r a i n  
P 

f is  the f r a c t i o n a l  change i n  the g r a i n  shape during the high  
temperature  s t o r a g e .  

The f r a c t i o n  f is  r e l a t e d  t o  T as fol lows s f  

f =  

where Tsfn is  

is  Tsf  0 

Ts f n-T s f o 

Th-Tsf o 

t h e  new s t ress - f  ree temperature  

t h e  o r i g i n a l  s t r e s s - f r e e  temperature  

(A-3) 

T is t h e  h igh  temperature  where t h e  specimens w e r e  s t o r e d  h 

Taking t h e  r a t i o  of Equation (A-2) t o  (A-1) and so lv ing  f o r  f w e  ob ta in  

(A-4) 

* The purpose f o r  hea t ing  both  sets of specimens t o  h igh  temperatures  is  t o  
e l imina te  t h e  e f f e c t  of v a r i a t i o n s  i n  t h e  c r o s s l i n k  dens i ty  which would 
modify E,. 
t h e  same f o r  bo th  Equations (A-1) and (A-2). 

When both sets of specimens are hea ted  t h e  va lue  of E, should be  

-85- 



Combining Equations (A-3) and (A-4) gives  

The v a l u e  of Tsfo would be es t imated  from t h e  cu re  temperature  

toge the r  w i th  cure  shr inkage  d a t a  f o r  t h e  g r a i n .  

Equation (A-5) y i e l d s  t h e  empi r i ca l  va lue  f o r  T f o r  a block of p r o p e l l a n t  s f  n 

hea ted  from room temperature .  It is expected t h a t  o t h e r  s t a r t i n g  temperatures  

(providing no s e r i o u s  chemical e f f e c t s  occur) would y i e l d  e s s e n t i a l l y  t h e  same 

va lues  

T e s t s  of t h i s  type  need t o  be  developed and confirmed by d i r e c t  exper- 

iments on motors. A number of f a c t o r s  which can i n f l u e n c e  T measurements a l s o  

r e q u i r e  cons ide ra t ion .  The v a r i a t i o n s  i n  T may w e l l  be  many times more 

important  than  - a l l  of t h e  f a c t o r s  c u r r e n t l y  being considered i n  s u r v e i l l a n c e  

s t u d i e s  and g r a i n  s t r u c t u r a l  i n t e g r i t y  ana lyses .  

s f  

s f  
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APPENDIX C 

APPARATUS, EQUIPMENT AND MEASUREMENT PROCEDURE USED IN HEAT 
STERILIZATION TESTING 

HEAT STERILIZATION OVEN 

Hotpack, Model 1302 Air Circulating Oven 

TISMPERATURE MONITORING 

Continuous with Honeywell-Brown Strip Chart Recorder - Type J Thermocouple 
TEMPERATURE VARIATION AS RECORDED 

Cycles 1,3,4,5 and 6. Temperature fluctuated between 135.0 and 136.6OC 

(275 - 278°F) Cycle 2 apparently due to a power fluctuation temperature cycled 

between 132.2 and 135.0"C (270-275°F). 

BORE MEASUREMENTS 

Measurements 0.5 cm from each end and at center of grain with Brown 

and Sharpe INTRIMIK. 

RADIOGRAPHIC EXAMINATION 

Two X-rays of each motor were taken t o  establish bond integrity and void 

or crack formation. 

in which the motor had been rotated 9 0 " .  

The views represented an initial view and a second view 
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